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Eine wichtige Folge der Chirped-Puls-Versta¨rkungstechnik war die Entwick-
lung von Lasersystemen, die ultrakurze (Femtosekunden) Laserpulse mit u¨ber
ein Terawatt produzieren ko¨nnen. Die Fokussierung der Laserpulse auf wenige
Mikrometer erho¨ht die Laserintensita¨t enorm, man erreicht heute 1018 W/cm2
Die ultrakurzen und ultraintensiven Laserpulse erreichen elektrische Feldsta¨rken,
welche die atomaren Felder u¨berschreiten. Sie ionisieren umgehend die getrof-
fene Metalloberﬂa¨che, was zu einem Vorplasma fu¨hrt.
Die Elektronen absorbieren direkt einen Teil der Laserenergie durch diese
Wech- selwirkung. Die Elektronen mit hoher Energie propagieren durch das
Taget und bauen beim Austritt das beschleunigende Feld fu¨r Ionen auf, die aus
der Targetru¨ckseite gelo¨st und beschleunigt werden. Diese Ionen erreichen eine
Energie von mehreren MeV mithilfe von ultrahohen elektrostatischen Feldern
- bis zu TV/m. Die beschleunigten Ionen sind ganz u¨berwiegend Protonen aus
den Adsorbaten der Targetoberﬂa¨che. Die gewonnenen Protonen und der Elek-
tronenpuls verlassen die Targetu¨ckseite als quasi neutrale Verteilung. Diese
Beschleunigung aus der nicht bestrahlten Targetoberﬂa¨che durch das quasis-
tatische elektrische Feld wird als TNSA (Target Normal Shearth Acceleration)
bezeichnet.
Die durch diesen Mechanismus beschleunigten Protonen sind durch eine ex-
trem kleine longitudinale und transversale Emittanz, große Energieunscha¨rfe,
Winkeldivergenz, hohe Protonenzahl pro Bunch und Pulsdauer im ps -Bereich
gekennzeichnet. Die Ergebnisse von einem der Experimente, die in der Experi-
mentierhalle Z6 bei GSI durchgefu¨hrt wurden, sind in Abbildung 1 dargestellt.
Die intrinsischen Eigenschaften von mit Lasern erzeugten Protonen o¨ﬀnen
den Weg fu¨r viele Anwendungsmo¨glichkeiten, wie eine neue Teilchenquelle fu¨r
herko¨mmliche Beschleuniger, isochrones Heizen und Protonentherapie. Alle
mo¨glichen Anwendungen erfordern die Beherrschung der Strahlparameter, was
das Ziel fu¨r mehrere Studien war. Die wichtigsten Ziele der vorliegenden Arbeit
viii Zusammenfassung
Abbildung 1: Protonenausbeute (a), Anfangso¨fnungswinkel (b) und Spotgro¨ße
(c) als Funktion der Protonenenergie in einem der PHELIX Experimente.
waren die Entwicklung von Maßnahmen, die den Protonenstrahl als zuku¨nftige
Strahlquelle optimieren und eine genauere Untersuchung des Deneutralisation-
sproblems beim Transport des mittels TNSA erzeugten Strahlpulses.
Zuna¨chst werden in dieser Arbeit alle Anfangsparameter, Techniken und ver-
wendeten Werkzeuge modelliert. Weiterhin werden die Wirkungen der Abwe-
ichungen auf die transversale rms - Emittanz im Solenoid numerisch unter-
sucht.
Abbildung 2: Transversale rms - Emittanz gegen
Energie (links) bei verschiedenen O¨ﬀnungswinkeln,
sowie gegen O¨ﬀnungswinkel (rechts) bei unter-
schiedlichen Energieunscha¨rfen.
Das Wachstum der ef-
fektiven Emittanz auf-
grund von Aberrationen




u¨ber 4% , und nichtlin-
eares Verhalten des Emittanzwachstums durch geometrische Aberration fu¨r
kleine Energieunscha¨rfe bei verschiedenen Anfangsdivergenzen, siehe Abb. 2.
Im Fall des ”Hard Edge Tracking” (lineares Tracking) sehen die Protonen nur
die chromatischen Aberrationen, wa¨hrend bei Verwendung der vollen Rand-
feldgeometrie zusa¨tzlich die geometrischen Aberrationen auftreten (nichtlin-
eares Tracking). In Abb. 3 sind links die Ergebnisse beider Rechenmethoden
fu¨r einen Strahl mit 10 ± 0.5 MeV dargestellt. Die Diﬀerenz beider Kur-
ven zeigt den Einﬂuss der geometrischen Aberrationen (rote Kurve im rechten
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Graph). Diese wird mit dem rein geometrischen Eﬀekt fu¨r einen 10MeV Strahl
mit verschwindender Energieunscha¨rfe verglichen (blaue Kurve). Der Vergleich
zeigt, dass die geometrischen Aberrationen bei zusa¨tzlich auftretenden chroma-
tischen Aberrationen reduziert werden, beide sind also miteinander korreliert.
Abbildung 3: Emittanzwachstum mit und ohne Beru¨cksichtigung der ge-
ometrischen Aberrationen bei 5% Energieunscha¨rfe in Abha¨ngigkeit der
Strahldivergenz (links). Rechts ist in blau der rein geometrische Eﬀekt gezeigt,
wa¨hrend in rot der Beitrag der geometrischen Aberrationen bei zusa¨tzlich chro-
matisch verursachtem Emittanzwachstum als Diﬀerenz der Kurven vom linken
Plot gezeigt ist.
Optimierung des durch Laser beschleunigten Protonenstrahls
Im Rahmen der Optimierung des Laser-beschleunigten Protonenstrahls wur-
den drei Mechanismen untersucht. Mittels einer Blende am Solenoidbren-
npunkt wurde eine Energieselektion realisiert. Eine Streufolie im Protonen-
strahl gla¨ttet die aufgrund der chromatischen Aberration auftretende Radius-
Energie - Korrelation am Brennpunkt. Drittens wurde untersucht, wie der
Strahlradius am Brennpunkt durch die Linsengeometrie optimiert werden kann.
Den experimentellen Aufbau mit Lasertarget, Solenoidlinse, Streufolien und
Blende im Strahlfokus zeigt Abb. 4.
Abb4.: Schema des experimentellen Aufbaus.
x Zusammenfassung
Die Simulationsstudie zeigt, dass das Energiespektrum durch die Wirkung
einer Apertur in Kombina- tion mit dem chromatischen Eﬀekt des Solenoids
bestimmt werden kann. Die spektrale Energiebreite nimmt leicht mit dem
Abstand ab, siehe Abbildung 5. Die geometrischen Aberrationen produzieren
eine transversale Ausdehnung im Brennﬂeck, welche die Intensita¨t der trans-
mittierten Protonen durch die Apertur begrenzt.
Abbildung 5: Simuliertes Energiespektrum an zwei verschiedenen Brennpunkt-
Absta¨nden, bei 1 m (links) und 2 m (rechts).
Die Analyse der Energieverteilung mittels radiochromatischen Filmen (RCF-
Folien) im Solenoidbrennpunkt und permanent magnetischen Quadrupolen
(PMQ), mit einer angenommenen Kreis-und Schlitzapertur der Fokallinie, zeigt
die Energieselektion entsprechend den in Abbildung 6 gezeigten Simulation-
sergebnissen.
Abbildung 6: Das selektierte Energiespektrum mit der angenommenen kre-
isfo¨rmigen O¨ﬀnung (5 mm Radius) am Solenoidbrennﬂeck (links) und mit
der angenommenen Schlitzo¨ﬀnung (1, 0 mm Durchmesser) in der PMQ -
Fokuslinie (rechts).
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Der Abdruck von Protonenspuren in einem Stapel RCF- Folien am Solenoid-
brennpunkt zeigt unerwu¨nschte Korrelationen der Radialenergie. Die Simula-
tion zeigt, dass diese Korrelation durch die chromatische Aberration entsteht
und durch geometrische Aberration reduziert wird. Diese Korrelation kann ver-
mieden bzw. gegla¨ttet werden durch Verwendung einer Streufolie aus Kohlen-
stoﬀ im Protonenstrahl zwischen dem Solenoid und dessen Brennpunkt (1 m).
Dabei wird die Folienposition sorgfa¨ltig eingestellt wird, um eine gute Trans-
mission mit guter Gla¨ttung zu liefern.
Abbildung 7: Korrelation der Gla¨ttung α und der
relativen Transmission Tr bei verschiedenen Posi-
tionen der Streufolie.




(α) mit der relativen
Transmission (Tr) bei Vari-
ation der Folienposition.
Bei einer Dicke von 22
mg/cm2 (100 µm) und
Verwendung einer gle-
ichma¨ßigen Verteilung von
±2 MeV Energiebreite mit 10 MeV zentraler Energie zeigt Abbildung 7 den
Schnittpunkt bei 0, 61 m hinter dem Lasertarget. Hier wird spa¨ter die Kohlen-
stoﬀfolie eingesetzt.
Das radiale Strahlproﬁl im Brennﬂeck eines Solenoiden bei 1 m Brennweite ist
in Abb. 8 gezeigt. Dabei wurde eine Ausgangsverteilung mit ±100 mrad
und einer Energieverteilung von 5–15 MeV am Lasertarget angenommen.
Dargestellt ist selektiv die radiale Verteilung zu den Energien 8, 10, und
12 MeV . Man sieht, dass die Streufolie (rechte Verteilung) die Korrelation
zwischen Energie und radialer Verteilung deutlich reduziert.
Der minimale Radius rs, am Solenoidbrennpunkt wird durch geometrische
Aberration verursacht, die mit der Linsengeometrie zusammenha¨ngt. Das
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Abbildung 8: Darstellung der Radius-Energiekorrelation durch Vgl. der radi-
alen Strahlproﬁle zu den Energien 8, 10, und 12 MeV ; links ohne, rechts mit
Streufolie.
Wachstum der entsprechenden rms - Emittanz mit der Solenoidgeometrie (Verha¨ltnis
von La¨nge zu Radius L/R), bei 0, 5 m Abstand longitudinal nach dem Target,
wurde fu¨r eine Energieverteilung um 10 MeV Zentralenergie untersucht.
Die Ergebnisse zeigen, dass der geometrische Eﬀekt umgekehrt proportional
zu dem Verha¨ltnis (L/R) ist, siehe Abbildung 9. Fu¨r la¨ngere Solenoide wirkt
das axiale Magnetfeld Bz gleichma¨ßig im Solenoidkern und weniger an den
Solenoidenden.
Abbildung 9: Das Wachstum der rms transversalen
Emittanz mit der Solenoidgeometrie.









gro¨ßer wird. Dies ist
der Grund, warum ge-
ometrische Aberrationen sich mit der La¨nge verringern.
Deneutralisation beim Strahltransport
In TNSA werden die Protonen mit bewegten Elektronen als quasi-neutrale
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Verteilung erzeugt. Die Neutralisation kann durch ein externes Feld gebrochen
werden, z.B. durch den magnetischen Gradienten im Solenoid- oder Quadrupol-
randfeld, wo Elektronen aufgrund ihrer geringeren Masse stark beeinﬂusst wer-
den. Das unterschiedliche Verhalten der Elektronen in dem Streufeld wird
durch den Anstieg der Raumladungsfelder sichtbar.
Die gleichzeitige Simulation von zwei verschiedenen Strahlen ist im TraceWin
Code nicht mo¨glich. Es wird ein elektrostatisches Modell fu¨r das Tracking
durch den gepulsten magnetischen Solenoid und das PMQ verfolgt. In dieser
Simulation wurde der Solenoidmagnet so eingestellt dass er 10 MeV Protonen
in 1 m vom Target fokussiert (0, 08 m Abstand Target-Solenoid). Der PMQ
fokussiert sie bei 0, 385 m (0, 07 m Abstand:Target-PMQ).
Der Solenoidfall
In dem gepulsten Solenoid kreisen die Elektronen mit unterschiedlichen Gy-
rationsradien um die Magnetlinien. Die Protonen, die eine viel ho¨here Masse
haben, werden durch das resultierende negative elektrostatische Potential zur
Achse hingezogen.
Abbildung 10: Radiale Dichte des Strahlproﬁls fu¨r getrenntes Tracking von Pro-
ton (a) und Elektronen (b). charakterisiert den ganzen Strahlverlauf innerhalb
des Solenoidfeldbereichs.
Die verschiedenen Bahnen innerhalb des Solenoids zeigen sich in der radialen
Dichte des Strahl- proﬁls wie in der Abbildung 10 gezeigt ist. Bei den groben
hier ver- wendeten Na¨herungen in der Simulation wurde ein Eﬀekt der Elek-
tronen auf die Protonen in der Na¨he der Achse gefunden, der gro¨ßer scheint,
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als in anderen Studien festgestellt wurde.
Der PMQ-Fall mit experimentellen RCF - Profilen
Im permanentmagnetischen Quadrupol (PMQ) - Randfeld werden die Elektro-
nen einer komplizierten Bewegung unterworfen, die in dieser Arbeit diskutiert
wird. Elektronen mit kleiner Anfangsdivergenz (≤ 0, 1 rad) durchlaufen das
Randfeld, bis sie in Spiralen um die magnetischen Feldlinien in Richtung der
PMQ-Pole wandern. Die Elektronen mit großen Achsabweichungen werden
fru¨hzeitig reﬂektiert. Nur wenige Elektronen mit sehr kleinen Divergenzen
bewegen sich nahe der Achse und durchlaufen den PMQ.
Abbildung 11: Die horizontale (a) und vertikale (b) Dichte entlang z, fu¨r Elek-
tronentracking durch den PMQ. Darunter (c und d) sind die Ionenenveloppen
sowie die experimentelle Anordnung gezeigt.
Die transversalen Strahlproﬁle werden in Abbildung 11 gezeigt. Eine Apertur
ist 20 mm vor dem PMQ installiert (mit 1 mm Radius), um Protonen- Wand-
Kollisionen im Quadrupolbereich auszuschließen. Die Simulation zeigt, dass
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die Elektronen durch das PMQ-Randfeld bis zum PMQ-Eingang selektiert
werden. Den experimentellen Aufbau zeigt Abb. 11.
Die Aufweitung in der PMQ Fokuslinienbreite aufgrund der Raumladungs-
dekompensation durch das PMQ-Streufeld wurde experimentell untersucht.
Zusa¨tzlich wurde experimentell und in Simulationen die Wirkung einer 1, 4
mg/cm2 Cu-Folie auf die Raumladung untersucht. In der Simulation wurde
dabei angenommen dass nach der Folie die Elektronen vollsta¨ndig unterdru¨ckt
sind (gelbe Kurve, Abb. 12). Die Halbwertsbreite der Fokuslinie als Funktion
der Protonenenenergie ist in Abbildung 12 gezeigt.
Abbildung 12: Die gemessene Halbwertsbreite von vertikalen Strahlproﬁlen
u¨ber der Protonenenergie fu¨r einen deneutralisierten Protonenstrahl entlang
PMQ und Kupferfolie (links), sowie zugeho¨rige Simulationsrechnungen mit
einem zusa¨tzlichen Fall fu¨r einen neutralisierten Protonenstrahl (rechts, gelbe
Punkte).
In dieser Arbeit wurden verschiedene Teilaspekte zum Strahltransport von
Laser-erzeugten Ionenpulsen untersucht. Ziel ist die Entwicklung von eﬃzien-
ten Transportstrecken fu¨r derartige Pulse mit extremen Phasenraumdichten
und relativ großer Energieunscha¨rfe. Dabei ist die angebotene Teilchenzahl
pro Puls so groß, dass durch entsprechende Strahlfu¨hrungselemente geeignete
Teilchenuntermengen fu¨r die jeweilige Anwendung passend herausgeﬁltert wer-
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The second decade of the twentieth century was a crucial stage in particle
accelerators, where the prevailing ideas about particle accelerators had been
changed by overcoming the achieved particle energy limitation and voltage
breakdown problem.
The ﬁrst idea of overcoming the voltage breakdown problem was mentioned by
Ising, in 1924. He proposed an accelerator with time dependant ﬁeld, which
is well known today as Drift Tube Linac (DTL). The Norwegian accelerator
physicist, Rolf Widero¨e was inﬂuenced by Ising’s ideas. In 1927, he suggested
an oscillating voltage between Ising’s drift tubes and successfully tested his
proposed accelerator by applying RF voltage on three drift tubes, single drift
tube surrounded by two grounded tubes, to accelerate potassium ion beam.
This was the ﬁrst RF Linac accelerator at all [1, 2].
The advantage of this type of accelerator is the voltage, gained by particles
with the right entrance phase, exceeding the largest applied voltage [1]. Thus,
one could increase the number of tubes to get higher exit energies. Later on,
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the Widero¨e structure was improved by Sloan and Lawrence in 1931. In 1946,
Luis Alvarez built his DTL accelerating structure, which accelerated protons
up to 32 MeV . Within the same period the Standford Linear Accelerator
Center (SLAC) Linac has been built, which accelerates electrons by an elec-
tromagnetic wave along an iris-loaded waveguide structure, with a total length
of 3 miles [1]. After that, many accelerators with higher accelerated energies
have been built.
This revolution in accelerators was not restricted only on Linac accelerators,
but it also opened the door to invent new types of circular accelerators (cy-
clotron, betatron and synchrotron) [2].
In parallel to the historical evolution of accelerators, both of accelerator size
and construction costs increased dramatically. These defects prompted scien-
tists to look for a new technique instead of RF accelerators to reduce costs
and sizes. The ions accelerated by ultra-short high intense laser interaction on
metallic foils could reach energies within the range of 30 − 60 MeV for pro-
tons [3]. This feature nominated the laser accelerated ions to be an attractive
action for future acceleration.
The LIGHT project (Laser Ion Generation Handling and Transport) at GSI-
Helmholtzzentrum fu¨r Schwerionenforschung investigates the properties of laser
generated proton beams, their collection, transport, de-bunching and possible
post-acceleration in conventional accelerator structures, both experimentally
and theoretically. The supported ultra-short high intense laser in this project
is the PHELIX laser (Petawatt High Energy Laser for Ion eXperiments) lo-
cated at GSI. LIGHT collaboration members are the GSI, Technische Univer-
sita¨t Darmstadt (TUD), Helmholtz-Institute Jena (HIJ), Helmholtz-Zentrum
Dresden-Rossendorf (HZDR) and the Institute of Applied Physics at Frankfurt
University (IAP).
This work presents a simulation study and experimental results for transport,
focusing and energy selection of laser accelerated protons guided by magnetic
elements (pulsed magnetic solenoid or permanent magnetic quadrupole PMQ).
CHAPTER 1. INTRODUCTION 3
1.2 Thesis Structure
This thesis is structured into 7 chapters:
• Chapter 2 gives an overview of the ultrashort high intensity laser inter-
action with matter. The laser interaction with an induced plasma is de-
scribed, starting from the kinematics of single electron motion, followed
by collective electron eﬀects and the ponderamotive motion in the laser
focus and the plasma transparency for the laser beam. The three diﬀer-
ent mechanisms prepared to accelerate and propagate electrons through
matter are discussed. The following indirect acceleration of protons is
explained by the Target Normal Sheath Acceleration (TNSA) mecha-
nism. Finally some possible applications of laser accelerated protons are
explained brieﬂy.
• Chapter 3 deals with the modeling of geometry and ﬁeld mapping of
magnetic lens. Initial proton and electron distributions, ﬁtted to PHE-
LIX measured data are generated, a brief description of employed codes
and used techniques in simulation is given, and the aberrations at the
solenoid focal spot is studied.
• Chapter 4 presents a simulation study for suggested corrections to opti-
mize the proton beam as a later beam source. Two tools have been em-
ployed in these suggested corrections, an aperture placed at the solenoid
focal spot as energy selection tool, and a scattering foil placed in the
proton beam to smooth the radial energy beam proﬁle correlation at the
focal spot due to chromatic aberrations. Another suggested correction
has been investigated, to optimize the beam radius at the focal spot by
lens geometry controlling.
• Chapter 5 presents a simulation study for the de-neutralization problem
in TNSA caused by the fringing ﬁelds of pulsed magnetic solenoid and
quadrupole. In this simulation, we followed an electrostatic model, where
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the evolution of both, self and mutual ﬁelds through the pulsed magnetic
solenoid could be found, which is not the case in the quadrupole and only
the growth of self ﬁelds could be found. The ﬁeld mapping of magnetic
elements is generated by the Matlab program, while the TraceWin code
is employed to study the tracking through magnetic elements.
• Chapter 6 describes the PHELIX laser parameters at GSI with chirp
pulse ampliﬁcation technique (CPA), and Gafchromic Radiochromic ﬁlm
(RCF) as a spatial energy resolver ﬁlm detector. The results of exper-
iments with laser proton acceleration, which were performed in two ex-
perimental areas at GSI (Z6 area and PHELIX Laser Hall (PLH)), are
presented in section 6.3.
• Chapter 7 includes the main results of this work, conclusions and gives
a perspective for future experimental activities.
Chapter2
Accelerated Protons Driven by
Ultrashort High Intensity Laser Matter
Interaction
The Chirped-Pulse Ampliﬁcation (CPA) invention contributed very much to
the laser power ampliﬁcation of ultra-short (femtosecond) laser pulses, from
modest to tera and peta watt scale systems [4]. The ampliﬁed ultrashort laser
can be focused to intensities above 1022 W/cm2 [4]. The ultra-short ultra-
intense laser pulses interaction with matter is illustrated in this chapter.
This chapter starts with some of the concepts related to ultra-short high in-
tensity laser pulses. Then, the laser interaction with the induced plasma is
described, starting from the kinematics of single electrons and inversely dis-
cussing the collective eﬀects of the electrons with their ponderomotive motion
in the laser focus and the plasma transparency for the laser. An indirect accel-
eration of protons happens by the Target Normal Sheath Acceleration (TNSA)
mechanism. Some of the possible applications of laser accelerated protons are
explained brieﬂy.
5
6 2.1. LASER INTENSITY AND PRE-PULSE
2.1 Laser intensity and Pre-pulse
One of the most known parameters accompanied with lasers is the laser in-
tensity I. It is deﬁned as averaged energy passing through an area per unit
time,





Here, ε0 is the permittivity of the vacuum and the unit of intensity I is usually
given by W/cm2.
In the ultrashort high intensity laser systems, the main pulse is preceded by a
longer pre-pulse in the ns to ps range [5], called pedestal pulse, which results
from ampliﬁed spontaneous emission (ASE) and their leading edge [6–12]. The
intensity of the pedestal pulse is high enough (∼ 1012 W/cm2) to produce
a pre-plasma on the target front side, which expands isothermally [13] and
hemispherically perpendicular to the surface target front side. Thus, the laser
main pulse interacts with the generated pre-plasma on the target front side.
2.2 Laser interaction with induced plasma
The electric and magnetic ﬁeld components of the linearly polarized plane
wave, propagating in z-direction are given by
E(r, t) = E0 exp[i(kz − wLt)]ex (2.2)
B(r, t) = B0 exp[i(kz − wLt)]ey (2.3)
where E0 and B0 (B0 = E0/c) represent the electric and magnetic ﬁeld ampli-
tudes, ex,y are the unit vectors deﬁning the orthogonality of E and B, wL is
the laser angular frequency, k the laser propagation vector, t the time and c
the speed of light.
The direction of the energy ﬂux density can be described by the pointing vector






where µ0 is the permeability of the vacuum.
The discussion of laser-matter interactions requires us to start from the simple
case of single electron motion in the linearly polarized laser plane wave, before
talking about penetrating conditions and interaction with the plasma.
2.2.1 Single electron kinematics in a laser ﬁeld
The single electron in an electromagnetic ﬁeld is exposed to the Lorentz force,






(γmev) = −e (E+ v ×B) (2.5)
where p and v are the electron momentum and velocity, respectively, γ is the
relativistic Lorentz factor (γ = 1/
√
1− β2 & β = v/c), me is the electron
mass, e the elementary charge and v is the electron velocity.
Depending on the applied laser intensity, two kinds of electron motion can
be followed: the non-relativistic (classical) or relativistic motion. In the non-
relativistic case, the electron oscillates, in x-direction, with a maximum velocity
v, which is much lower than the speed of light c. Thus, the magnetic force
(e v×B) is neglected, and the motion is dominated by the electric force. The
classical solution of the equation of motion shows a harmonic oscillation in









Here, ωL is the laser angular frequency. One can deﬁne the dimensionless light
amplitude a0, which is the ratio of maximum oscillation velocity to speed of
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At high intensities, when the laser intensity approaches or exceeds 1018 W/cm2,
we turn to the relativistic regime with a0 ≥ 1. Then, both of electric and mag-
netic ﬁeld amplitudes with laser intensity can be explained by the dimensionless
























1.37× 1018 W/cm2 (2.11)
Compared with electrons, protons have much higher rest mass; thus the elec-
tric ﬁeld amplitude for the proton case is approximately two thousand times














4.6× 1024 W/cm2 (2.14)
The needed intensity (> 1024 W/cm2), which provides a direct interaction
with protons, is not available nowadays. Thus, protons (ions) can be assumed
immobile for the available intensities (1018 − 1021 W/cm2, λL = 1 µm).
For the electron speed close to speed of light, (a0 ∼ 1) the magnetic ﬁeld is no
longer ignorable and causes a drift in the forward direction. The associated
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After the uniform laser wave was turned oﬀ, the electron oscillates back to rest
state with zero gained energy. This eﬀect is known as the Lawson-Woodward
theorem [14,15]. In reality, the laser wave is non-uniform and focused within a
conﬁned region, which breaks the fundamental condition of Lawson-Woodward
theorem and produces the so called ponderomotive force.
2.2.2 Ponderomotive force
The focused laser pulse is at the focal spot only a few µm, with a gaussian like
transverse intensity proﬁle. The electric force during the electron transverse
oscillation in the ﬁrst half cycle guides electrons to the region of lower intensity,
which is not able to bring electrons back to their initial position within the
second half cycle. That is, the center of electron oscillation is displaced and
guided away from the laser optical axis. The force that pushes electrons out
from the laser focus is called ponderomotive force [16–19].
The ponderomotive force equation can be found from averaging the electron
equation of motion over the laser period [16–18]
Fp =
− e2
4 γ me ω2L
∇(E · E∗) (2.16)
Here, γ is the gamma factor averaged over a laser period, which is equal to√
1 + a20/2, approaching 1 at lower intensities (a0 << 1).
As long as the Lawson-Woodward theorem is violated as we mentioned above,
the electrons gain a net kinetic energy during laser interaction. The averaged
kinetic energy gained by electrons over a laser period can be found from the
ponderomotive force Fp = −me∇Up with a ponderomotive potential Up.
In the relativistic case, the ponderomotive potential can be derived as [16]:







where the laser intensity IL is given by [10
18 W/cm2] units, the laser wavelength
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λL is given in µm units, KB is the Boltzmann constant and Te being the
electron temperature.
2.2.3 Plasma transparency
The laser pulse interaction with a single electron located within a pre-plasma
can not be generalized for the whole charge distribution in a plasma, where
some of the collective eﬀects play a role in laser plasma interaction.
In microscopic scale, each ion is encircled by a set of electrons neutralizing the
electric ion potential. The neutrality for every ion in homogenous plasma is






Here, Te and ne are the electron temperature and density, respectively.
The plasma reacts on any external perturbation by forming an electric ﬁeld
arising from charge separation. The main eﬀect is, that the electrons oscil-
late against the ion distribution with a net frequency, which is called electron
plasma frequency ωp. The external perturbation in our case results from the
laser pulse. With the present laser intensities, electrons oscillate relativisti-
cally, and their eﬀective mass γme increases. The plasma electron frequency







The transparency of plasma for laser light is associated by both, the plasma
electron frequency ωp and the laser frequency ωL. The laser propagates through
a plasma as long as the laser frequency ωL is much higher than the plasma
electron frequency ωp. It will be reﬂected when the local plasma frequency
ωp is approaching the frequency ωL. At this point, the critical density nc is
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deﬁned by the electron density which reﬂects the laser light by excitation of
the plasma wave:
nc =








For an incident laser wavelength λL = 1 µm with low intensity (γ¯ ≈ 1), the
critical density is nc = 1.11 × 1021 cm−3. The plasma is considered as over-
dense plasma when ne > nc and under-dense conversely.
The transparency of plasma is also described by an important parameter known










The escape of electrons along the laser optical axis due to the ponderomotive
force causes a signiﬁcant decrease of electron density along the axis. This
eﬀects the radial electron density and results in a spatial proﬁle with maximum
refractive index on axis, as could be inferred from equation 2.21, which acts
as a convex lens leading to a further laser beam focussing. This eﬀect is the
so-called relativistic self-focussing [21–23].
2.3 Electron plasma acceleration and propa-
gation
Three diﬀerent mechanisms are working together to accelerate electrons in the
forward direction by an intense laser pulse.
Upon the arrival of the laser main pulse to the pre-plasma, which is generated
by the laser pre-pulse, the laser enters a region of very low electron density
(under-dense plasma) with ne around 10
18 cm−3. In this region, electrons
are expelled from the laser front ponderomotively in radial and longitudinal
directions. After the laser passage, electrons return to the laser optical axis
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driven by a restoring force, generated from charge separation. The escape
and return process of electrons to the laser optical axis produces a plasma
wave following the laser pulse in its wake. A part of electrons trapped by the
longitudinal electric ﬁeld along the optical axis, travel with the wave and gain
high kinetic energy, which ranges from several tens up to hundreds of MeV [24].
This mechanism of electron acceleration dominates in the very low under-dense
plasma region and is known as Laser Wake-ﬁeld Acceleration (LWA) [25].
When the laser pulse propagates more deeply into the pre-plasma, the plasma
density increases gradually and the electron acceleration will be dominated by
Direct Laser Acceleration (DLA) [26]. The plasma density in this region is
around 1020 cm−3. The relativistic laser self-focusing, caused by electrons es-
caping out from laser focal spot by ponderomotive force, forms a plasma chan-
nel along the laser optical axis [22]. A strong electron current is driven through
this channel resulting in a strong radial electric ﬁeld with strong azimuthal
magnetic ﬁeld. The electrons expelled radially by ponderomotive forces are
bent back to the channel by these ﬁelds. Electrons in phase with the laser
pulse gain the highest amount of energy.
In dense and over-dense regions (n ∼ 1021 cm−3), where the laser has reached
deepest plasma layers before reﬂection after matching with the plasma fre-
quency, the most eﬀective mechanism is the Ponderomotive Acceleration (PA).
From equation 2.17, electrons can gain kinetic energies up to 1.8 MeV for a
laser intensity of 5×1019 W/cm2 with λL = 1.054 µm. In this stage, the num-
ber of generated electrons is by factors two to three higher when compared
to LWA and DLA. The diﬀerences between these mechanisms, with respect
to their corresponding plasma density regions and their resulting energies of
accelerated electrons, are explained in ﬁgure 2.1.
Since, with available intensities, ions are not directly accelerated by the laser
pulse as mentioned before in section 2.2.1. But the accelerated electrons de-
scribed so far will cause ion acceleration under certain conditions as described
below.
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Figure 2.1: An explanation ﬁgure for Laser Wake-ﬁeld Acceleration (LWA),
Direct Laser Acceleration (DLA) and Ponderomotive Acceleration (PA) mech-
anisms with respect to their domination plasma density regions (a) and resulted
energies of accelerated electrons (b).
A part of accelerated electrons, with enough kinetic energy are transported
through the target of thickness d and exit the target at an opening angle θ,
which can be described as tan θ =
√
2/(γ¯ − 1) [27, 28]. The electrons exit the
target rear side within a radius B calculated by [29]
B = rL + d tan θ (2.22)
where rL is the laser focal radius.
The number of accelerated electrons Ne can be calculated from the ratio






Here, η is the conversion eﬃciency coeﬃcient.
The resulting electron density ne on the target rear side is proportional to the
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The dimensionless conversion eﬃciency η shows a direct dependence on laser
intensity and target properties [7, 11, 30–32]. The conversion eﬃciency η is
ranging between 0 and 1. The scaling law of conversion eﬃciency η and laser
intensity I [W/cm2] is given by [29]
η = 1.2× 10−15 I3/4L (2.25)
for the studied laser intensities (IL) from 10
18 (W/cm2) up to 3×1019 (W/cm2).
2.4 Proton-acceleration mechanism and expan-
sion
With present laser intensities, ions are not accelerated directly by the laser
pulse, but their acceleration is initiated by hot electrons, acting as a mediator
between laser pulse and ions as mentioned previously in sections 2.2.1 and 2.3.
The ions are accelerated from both sides of the target surface [33]. Electrons
depletion by ponderomotive force from the laser focal spot at target front
surface produce a high space charge repulsion that accelerates ions backwards.
A fraction of generated electrons, from laser pulse interaction at the target
front side penetrate through the target and subsequently accumulate in a high
dense electron sheath, which later on leads to an acceleration of ions from the
target rear side. The accelerated protons are provided by a surface layer of
hydrocarbons [34,35].
The acceleration from the target rear side is the case under study in this work.
Instead, the accelerated proton beam from the target front side is typically low
energetic and shows a bad beam quality compared to the accelerated proton
beam from the rear side [33,36].
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2.4.1 Target normal sheath acceleration
The transported relativistic electrons through the target foil lead to a positively
charged target. Thus electrons are trapped by the electric ﬁeld arising from
charge separation, and they start to accumulate as a dense sheath of electrons,
which is extended to a range of the laser wavelength λL (around 1 µm) [37],
to be estimated by the electron Debye-length λD (equation 2.18).
The electric ﬁeld can reach the same order of magnitude as the laser electric
ﬁeld (∼ TV/m) [5, 11, 30, 35, 38, 38, 39]. This ﬁeld is called quasi-static ﬁeld
since it is stationary and not an oscillating ﬁeld [5]. The quasi-static electric





where the kBTe and λD are given by MeV and µm units, respectively.
The unique quasi-static electric ﬁeld is strong enough to ionize the atoms on the
target rear side, and accelerate protons to energies ranging from a few MeV to
several tens of MeV [40]. Then, protons are leaving the target rear side with
the co-moving electrons as a quasi-neutral plasma cloud. This acceleration
from the non-irradiated target surface by the quasi-static electric ﬁeld is called
Target Normal Sheath Acceleration [TNSA] [7, 11, 12, 30]. Figure 2.2 shows a
schematic diagram for the TNSA mechanism.
The accelerated proton beam by this mechanism is characterized by small
longitudinal and transverse emittances, large energy spread and high angular
divergence, high yields of protons per bunch (typically 1011 or more particles
per shot) and short duration [41–43]. Several studies investigated the proton
beam quality dependence and showed a strong dependance on the used laser
parameters and the target material.
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Figure 2.2: Schematic diagram for the TNSA mechanism. The main laser pulse
interacts with a pre-plasma generated earlier by the laser pre-pulse. The gen-
erated dense electron sheath at the target rear side is ionizing and accelerating
protons.
2.4.2 Proton expansion
One of the most relevant models to explain TNSA and giving a satisfactory
approach with the experimental results is from Mora [44]. This model predicts
accurate results for an exponential proton energy spectrum and maximum
proton energy, under the assumption that the hot plasma expands isother-
mally [44].









where E0 = kBTe is the mean proton energy, cs =
√
kBTe/mp is the proton
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acoustic velocity, τacc is the proton acceleration time (τacc = 1.3 τL [35]), and
np0 is the initial proton density (∼ ne0).
The predicted maximum proton energy in this model could be estimated from
the maximum proton velocity [44,45]
vmax ≃ 2cs ln(τ +
√
τ 2 + 1) (2.28)
where τ = ωppt/2.33, ωpp is the proton plasma frequency, and ne0 is the electron
density in an unperturbed plasma.
The electron density in the sheath shows a Gaussian radial proﬁle with maxi-
mum density on the axis [46]. Therefore, an electrostatic ﬁeld with a transverse
component is acting on proton acceleration.
The greatest proton energies are accelerated nearly at the axis close to the
highest density in the electron sheath [46, 47]. The transverse electric ﬁeld
component is proportional to the total electric ﬁeld times the radial electron
density gradient [47], which leads to a large angular divergence for low proton
energies compared to high energetic protons.
The experimental results of one of the experiments held in the Z6 experimen-
tal area at GSI for proton distribution are shown in ﬁgure 2.3. The broad
exponential energy spectrum of the resulting protons bunch is shown in ﬁg-
ure 2.3.a, with high yields of protons per bunch (typically 1012 or more protons
per bunch). The initial opening angle is nearly constant at low energy and de-
creases at high energies (ﬁgure 2.3.b). The source spot size decreases linearly
with increasing proton energy (ﬁgure 2.3.c).
2.5 Possible applications
The intrinsic properties of laser driven protons open the way for many possi-
ble applications, such as a new particle source for conventional accelerators,
isochronic heating and proton therapy [3].
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Figure 2.3: Dependence of diﬀerential protons yield (a), initial opening angle
(b) and source spot size (c) on proton energy in one of PHELIX experiments.
The laser accelerated protons in the TNSA mechanism with their achieved
energies of several tens of MeV, high proton yield per bunch (> 1012) and
extremely small emittance could be used in the ﬁrst two applications.
In proton therapy, many of the obstacles could be faced, like the wide range
of applied energies (60 − 250 MeV) [48], the small energy window △E/E
around the launched energy [49], and production of a homogeneous dose in
the treated target [50–52]. The wide proton energy range could be provided in
diﬀerent mechanisms, like Break-Out After burner (BOA) [53] and Radiation
Pressure Acceleration (RPA) [54,55], which are not under study in this work.
In chapter 4, some aspects of therapy related requests are discussed.
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2.5.1 A new particle source for conventional accelera-
tors
As mentioned before, the TNSA proton beam diﬀers from that generated in
conventional accelerators due to small longitudinal and transverse emittances,
large energy spread and angular divergence.
Both, wide energy spread and angular divergence, can be reduced by using an
aperture as energy ﬁlter tool, together with a pulsed magnetic solenoid as a
beam collimator [56] (see chapter 4). As a part of the LIGHT collaboration,
a further optimization of the energy spread could be reached by matching the
resulting optimized beam into an RF-rebuncher cavity [3], to minimize the
beam energy spread around a chosen central energy.
For a further acceleration of laser generated protons, several studies were per-
formed [40,57–59]. One of early publications about the matching of laser gen-
erated protons with a conventional DTL, was presented by Antici et al. [58,59].
In this study, A 7 MeV laser generated proton beam is matched into a 7 MV
Alvarez DTL using a 1.8 m matching section, which consists of ﬁve quadrupole
magnets [58,59].
Another study was done at IAP-Frankfurt [40,57,60], where the coupling of a 10
MeV proton bunch with a conventional DTL (CH-structure) was investigated.
In this work the generated protons are matched to a CH-DTL using a pulsed
magnetic solenoid. The schematic view for the proposed structure is shown in
ﬁgure 2.4. The proposed CH-cavity is shown in ﬁgure 2.5. This cavity is under
fabrication and expected to be ﬁnished by 2014 [61].
2.5.2 Isochronic heating
The warm dense matter (WDM) is a state of matter found in the center of stars
with extremely warm and high density. This extreme state of matter could
be produced in the laboratory, for astrophysics and fusion energy studies, by
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Figure 2.4: Schematic view for the proposed matching to a drift tube acceler-
ator (CH-DTL) (Courtesy of A. Almomani [40]).
Figure 2.5: Schematic view for the proposed CH-DTL (Courtesy of A. Almo-
mani [40]).
isochronic heating or heating at constant volume [62].
Isochronic heating by a ultrahigh power laser or by x-ray heating is not satis-
factory. The heating should be extremely rapid within picosecond time scale
and uniform within the matter [62], which can not be achieved by there meth-
ods. However, the use of laser accelerated proton beams for isochronic heating
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might provide uniform heating in picosecond time scale [62,63].
The proton deposits its energy uniformly in the matter, and ﬁnally, the proton
deposits its rest energy as Bragg peak. In order to provide a uniform heating
for the matter, its thickness has to be limited to avoid the Bragg peak.
2.5.3 Proton therapy
The energy loss of protons or heavier ions during their penetration through
target material, starts with continuous energy loss up to point where the ion
is completely stopped showing a pronounced Bragg peak. The behavior of
ion energy loss can be used to apply a well localized dose in the tumor, while
reducing the unwanted dose in the surrounding healthy tissue.
The proton energy range used in proton therapy is 60 − 250 MeV [48]. The
high proton energy range can be hoped for in the future in the Break-Out
Afterburner (BOA) [53] or in the radiation pressure acceleration (RPA) [55,64]
mechanisms. The BOA uses the linearly polarized laser with a metallic target
foil of nm scale thickness while the RPA requires special equipment and the
intensity should exceed 1023 W/cm2 of a linearly polarized laser [64] or at least
1020 W/cm2 of a circularly polarized laser with a high contrast [55].
In proton therapy, the tumor is usually treated by raster scanning, where the
beam is focused on small segments of equal lateral areas [52]. Every segment is
treated, starting from distal (with higher protons energies) to proximal pixels
(lower protons energies), where the total overlap of Bragg peak moved along
segment axis produces a homogeneous dose.
The transverse energy beam proﬁle has to be Gaussian to provide a lateral ho-
mogeneous dose by overlapping with closer segments. In laser accelerated pro-
tons, the energy ﬁltered protons by an aperture at the solenoid focal distance
can have a Gaussian energy proﬁle shape by smoothing it using a scattering
carbon foil in the way of the proton beam behind the solenoid. For further
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information, see chapter 4.
Chapter3
Description of Solenoid Magnetic Lens
and Codes for Particle Beams
The topic of this chapter is the simulation of beam transport, starting with
the intense bunch from TNSA. In this case, the generated proton beam is ini-
tially characterized by a large opening angle. A focusing (magnetic or electric)
lens should be placed close to the laser target for beam matching. The avail-
able energies of the proton distribution restricted us to use magnetic lenses
(quadrupole or solenoid) instead of the electric lenses.
The simultaneous focusing and de-focusing action in the perpendicular (hori-
zontal and vertical) planes of a quadrupole, cause a high loss of protons, while
the cylinder symmetrical focusing of the solenoid magnet, makes it the most
convenient choice to catch the laser accelerated protons.
Initially, before the delving into the investigations and simulations, one has
to deﬁne all the initial parameters, the techniques and the used tools. In
this chapter, the lens geometry and ﬁeld mapping are modeled, the initial
proton and electron distributions are generated and approximately ﬁtted to
PHELIX measured data, a brief description of the employed codes and the
used techniques in the simulation are displayed, and the aberrations at the
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solenoid focal spot are studied.
3.1 The solenoid focusing lens
The experiment studied here is placed at the Z6-target area of the GSI exper-
imental hall. The geometry of the pulsed magnetic solenoid placed behind the
target as a capture focusing lens has to be deﬁned. The solenoid ﬁeld map
has to be generated to quantify the focusing eﬀect. These points are brieﬂy
explained in the following subsections.
3.1.1 The solenoid geometry
In a solenoid, the current ﬂows through the rotational symmetric coil and
produces a solenoidal magnetic ﬁeld, which consists of radial and longitudinal
components [65], Br and Bz, respectively.
The moving protons are at ﬁrst aﬀected by the radial magnetic ﬁeld Br as
they enter the solenoidal ﬁeld. The Lorentz force of the radial ﬁeld (qvz ×Br)
produces an azimuthal velocity vθ, which leads to a radial force inside the
solenoid during the proton path in the Bz ﬁeld. The radial force is in charge
of the focusing eﬀect in the solenoid [65].
In order to focus high energy protons, a pulsed magnetic solenoid is operated
at high currents, theoretically up to 16 kA. The pulsed magnetic solenoid
with 108 circular windings, 40.5 mm inner diameter, 90 mm outer diameter
and 150 mm coil length, is placed at a distance D behind the target.
The circular windings are distributed on four equal layers of 27 turns per layer
to increase the number of turns per unit length, which increases the solenoidal
ﬁeld strength and so the focusing eﬃciency of the solenoid, at a given maximum
current, see ﬁgure 3.1.
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Figure 3.1: Schematic diagram of the laser target with the magnetic solenoid
lens. The geometric solenoid parameters and coil layers are shown.
3.1.2 The ﬁeld mapping
The solenoid ﬁeld map was carried out by the Matlab program, where the
solenoidal ﬁeld is approximated by a series representation [66, 67] truncated
after the second-order magnetic ﬁeld term. Thus, in the solenoid the third
order term (the geometrical eﬀect) is included in the radial equation of the
proton and electron trajectories [66, 67]. In this program, the spatial grid of
the ﬁeld region can be easily modiﬁed.
The ﬁeld map length (LFM) is given by the target solenoid distance (D) and
the solenoid length (L). Because of symmetry the mapped length LFM is 2×
(D+L/2). The ﬁeld map diameter is matched with the solenoid diameter and
the companion beam pipes on both sides. The spatial grid on the longitudinal
and transverse dimensions was 0.001 m for the proton beam tracking, which
has to be very ﬁne for the electron beam tracking, see chapter 5.
The ﬁeld map along the solenoid axial axis z at diﬀerent radii is shown in
ﬁgure 3.2. The axial and radial magnetic ﬁelds in every spatial grid point
are calculated separately for every layer, and the net contributions in ﬁeld
components are stored in two external ﬁles compatible with the needed format
for TraceWin code 3.3.2.
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Figure 3.2: Longitudinal (left) and radial (right) solenoidal ﬁeld of the pulsed
solenoid along the axis for diﬀerent radii in meter. The geometric solenoid
length is limited between the marked black lines
In the case of the solenoid under study the target solenoid distance was 80 mm
and the ﬁeld map length was 240 mm. Furthermore, the axial magnetic ﬁeld
in the ﬁrst step of the ﬁeld map region was 0.4% of the maximum value at the
solenoid center.
3.2 The initial electron and proton distribu-
tions
The Matlab program is employed to generate the initial electron and proton
distributions as a ﬁt to the 2009 PHELIX laser acceleration experiments [33].
The ﬁtted parameters are the energy spectrum, the envelope divergence, the
energy dependance on the source size and initial divergence. These parameters
are generated randomly in Matlab program with three standard deviations.
The experiments show total yields of the generated protons within 3−30MeV
exceeding 1012 protons, while only 106 simulated microparticles are used for the
electron and proton distributions. The distribution of protons with co-moving
electrons is supposed to be a quasi-neutral distribution, where the electrons are
similar to the protons with their yields and velocities. Thus, the electrons are
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generated within the energy range 0.0016−0.0163MeV . The energy spectrum
is generated randomly for all particles within the distribution to produce a
simple exponential energy spectrum, where the particles of higher energies are
concentrated within small radii and divergences, which is compatible with that
mentioned in 2009 PHELIX experiments [33].
The spatial angle typically reaches 25◦ (430 mrad), where the generated elec-
tron and proton beam distributions are randomly generated in a Gaussian
shape with a chosen angle of 30◦ (530 mrad) corresponding to three standard
deviations. The generated beams are originating from a chosen source spot
size of 28 µm with 2 ps pulse duration and randomly Gaussian distributed in
the transverse beam proﬁle. The transverse beam emittance, in both phase
spaces xx’ and yy’, was 11.2 π.mm.mrad with a longitudinal emittance of
0.0012 π.ns.MeV .
The x-W, x’-W, xx’ and t-W projections of the generated proton distribution
in the range 3 − 30 MeV are shown in ﬁgure 3.3. Note that, the particle
energies are displayed in the TraceWin code with a shifting in the average
energy to the value zero.
After the generation the MATLAB program exports the distribution in 6D
coordinates to ASCII ﬁle, which is converted later on by a C program to the
needed form of the binary format for the TraceWin code.
3.3 Description of the simulation codes
In this work, diﬀerent codes were employed due to the variety of the needed
applications and to get a full investigation with good comparisons. The used
computer codes are PARMILA, TraceWin, SRIM, ATIMA, in addition to the
Matlab and C programming. Before going through the simulations and anal-
ysis, the computer codes and programming as used in this work have to be
brieﬂy described.
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Figure 3.3: The projections of the generated proton distribution in x-W (a),
x’-W (b), xx’ (c) and t-W (d) with an energy range from 3 to 30 MeV .
3.3.1 Parmila code
The original version of the “Phase and Radial Motion in Ion Linear Accel-
erators” code (PARMILA) was written in the early 1960’s, then it has been
expanded, and improved under the wing of the Los Alamos Accelerator Code
Group (LAACG) at the Los Alamos National Laboratory, New Mexico.
PARMILA is a standard particle-in-cell (PIC) code that includes 2D and 3D
space charge routines. It gives an accurate beam proﬁle, the beam energy
distributions, the particle losses and particle optics in ﬁrst order ignoring the
chromatic and geometric aberrations.
The tracking of the particle beam through the magnetic elements in PARMILA
is based on a hard edge approximation and includes the fringe-ﬁeld impulses
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by using the hard-edge approximation [68].
3.3.2 TraceWin code
The TraceWin code has been developed in CEA [69]. It can be used to study
the tracking of the ion or electron beams in 2D and 3D. The TraceWin code
is a particle in cell code with an envelope option, which can be used for dif-
ferent elements of linac structures. The initial beam emittances required by
TraceWin should be normalized rms emittances. Most of the useful param-
eters (envelopes, beam ellipses, emittances...etc) can be observed and stored
after every element through the simulation.
The tracking of the ion beam through the standard magnetic elements (mainly
the hard-edge solenoid) gives only the second order chromatic aberration. To
investigate the third order geometric aberration the TraceWin code can be
loaded with the MULTIPOLE or FIELD MAP command, instead of the used
“magnetic” or “electric” lens, to implement the static ﬁeld map of the lens.
In the MULTIPOLE case, the magnetic lens ﬁeld is internally computed in
TraceWin code from the scalar magnetic potential function V [70]:














where n is the order indicating the lens type and G(z) is the magnetic gradient
along the longitudinal axis.
The order of the resulting magnetostatic ﬁeld is going to inﬁnity and the
charged particles moving through this ﬁeld are aﬀected by the non-paraxial
forces. On the other hand, the longitudinal and radial magnetostatic ﬁelds,
in FIELD MAP case, are computed separately by a Matlab program. The
resulting ﬁeld, up to the second order, is stored in two external ﬁles, which are
in the same needed format for the TraceWin code.
In the TraceWin code, there are two ways to deﬁne the space charge (the
current) in mA units. The current can be deﬁned at the main page of the
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TraceWin code by using the CURRENT command. The growth of the net
current caused by the electron beam ﬁltering in the fringing ﬁeld of the mag-
netic lenses (see chapter 5), can be deﬁned by using an external current map.
The precision in the simulation and calculation time can be controlled by ad-
justing the calculation default step and the space charge step per meter in the
TraceWin ”Multiparticle” page. These two steps are calculated for the DRIFT
and FIELD MAP elements while the other elements are treated in two steps.
The validity of these steps remains until reaching a new “PARTRAN STEP”
command.
The TraceWin code is supported by many standard input distributions in
addition to its ability to implement any generated distribution in the binary
format ﬁle (.dst). The generated distribution ﬁle should contain: the number
of particles, the beam current, the repetition frequency, the rest mass, as well
as the 6D particle coordinates.
In the scope of this study, a MATLAB program was used to generate an expo-
nential proton distribution approximately ﬁtted to the PHELIX experimental
data, see section 3.2. Then a C program dose convert the text distribution ﬁle
to a (.dst) binary format.
Comparison with the LASIN code
In order to check the ﬁeld map generated internally in the TraceWin code,
the TraceWin code is used to study the tracking through two ﬁeld maps of a
given solenoid. One of the ﬁeld maps is computed internally in the TraceWin
code by a MULTIPOLE command, and the other one is computed by the
LASIN code [71] (LASer INjection), which is developed at IAP-Frankfurt by
M. Droba, uses multiparticle tracking and calculates the magnetic ﬁeld by the
Biot-Savart law. The radius of the given solenoid is 2 cm, the solenoid length
is 15 cm, the ﬁeld map length is 38 cm and one layer of the coil has 108 turns.
An uniform distribution is used with a vanishing energy spread (only geometric
aberration) around the central energy of 10 MeV .
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The ﬁeld maps were adjusted to produce a focus at 1 m from the target, for
an uniform proton beam with an initial divergence up to 50 mrad, which is
originating from a target at 0.12 m distance in front of the solenoid. Then,
the focal distance dependence on the initial divergence has been studied, see
ﬁgure 3.4.
Figure 3.4: The focal distance dependence on the initial divergence of the
proton beam for the ﬁeld maps generated by the TraceWin and LASIN codes.
The results show an agreement in the treatment of the geometrical aberrations
between both codes. Thus, the TraceWin code can be used later on to study
the geometrical aberrations.
3.3.3 The Matlab programming
The Matrix Laboratory, MATLAB, is a high-level language, and powerful nu-
merical computing software advanced by graphics and visualization (written
in C and Java lower-level languages).
In the scope of the study, a MATLAB programming has been carried out in
the ﬁeld mapping of the pulsed magnetic solenoid and permanent magnetic
quadrupole (PMQ), and to generate the initial proton and electron distri-
butions, which are approximately ﬁtted to PHELIX measured data. In the
solenoid ﬁeld mapping, the solenoid magnetic ﬁeld from every layer of the
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solenoid coil is computed separately and the net contributions of all layers
in both ﬁeld components (the radial and longitudinal components) are stored
in two external ﬁles, which are compatible with the needed format for the
TraceWin code. The ﬁeld mapping of the PMQ is discussed in chapter 5. The
generation of initial distributions is discussed previously in this chapter (3.2).
3.3.4 RCF Spectrum GUI program
The RCF Spectrum GUI is a Radiochromic Film Imaging Spectroscopy (RIS)
analysis program written in Matlab, using a graphical user interface (GUI).
This program was written by M. Schollmeier, F. Nu¨rnberg and K. Harres in
2008 [5, 33].
In this program, the colors red, green and blue (RGB) in every pixel of a
scanned RCF ﬁlm are counted and converted to the dose values. Then, the
total dose value is calibrated with the total deposited energy in every RCF
ﬁlm and shown as a deposited energy curve. Concurrently, the proton beam
energy spectrum is de-convolved inversely from the deposited energy curve by
an assumed curve, and the total number of protons per bunch is measured.
The dependence of the opening angle on the proton energy is calculated from
the RCF target distance.
3.3.5 SRIM code
The Stopping and Range of Ions in Matter (SRIM) is a package of programs
that simulate the transporting of the ion beam, with the energies (10 eV −
2 GeV/amu), into the matter layers. The TRIM, the Transport of Ions in
Matter, is one of the contained programs in the SRIM code. This program
is used to simulate the ion beam transit through a scattering foil, where the
central work in section 4.2 based on the transit of the laser generated protons
through a scattering carbon foil.
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In the TRIM setup window, the number of the layers, the structure of foil, the
layer’s material type, the layer thickness and density can be initialized. The
status for each single ion such as transmitted or backscattered protons can be
declared to be recorded in the SRIM output. The position of the scatterer foil
has to be adjusted as mentioned in section 4.2.2.1.
To study the transmission of the generated realistic distribution, which was ap-
proximately ﬁtted to PHELIX measured data, the output of TraceWin tracking
at the scatterer foil position is stored as a ASCII text ﬁle and converted later
on to the required suitable TRIM.dat format as a source of incident protons,
which is used to simulate the protons that hit and transit through the scatterer
foil.
The output is stored in TRIMOUT.txt with the new angles and energy for
each single proton. The resulted beam can be later ﬁltered from all of the
backscattered protons (if there is) and converted again to the required format
for the TraceWin code.
3.3.6 ATIMA code
The ATomic Interaction with MAtter (ATIMA) is a simple program devel-
oped at GSI [72], containing FORTRAN routines for the calculation and a
Java graphical user interface. The ATIMA measures various quantities related
to the transmission of protons and heavy ions through matter with a particular
kinetic energy ranging from 1 keV/u to 450 GeV/u. The fundamental mea-
sured quantities in the ATIMA program are the stopping power, the energy
loss, the energy and angular straggling.
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3.4 The eﬀect of aberrations on the solenoid
focus
In reality, the charged beams moving through the electric or magnetic lenses
deviate from the expected focal spot and follow a non-paraxial ray equation,
due to some imperfections or aberrations. The aberrations could be classiﬁed
regarding to the sources they arise from. These aberrations are the chromatic
aberration (the second order) that arises from the beam energy spread, the
geometric aberration (the third order) which is due to the diversity of the
initial beam divergences, the space charge eﬀect (the ﬁrst order) caused by the
high current density, the diﬀraction error as a result of the small scale aperture
used, and the imperfection in the mechanical alignments or the ﬂuctuation in
the voltage or current applied in the electric and magnetic elements [66].
In the frame of this work, only the ﬁrst three eﬀects are studied. In this
section both, the chromatic and geometric aberrations at the solenoid focal
spot will be investigated, while the space charge eﬀect along the solenoid, with
the companion of the de-neutralization problem, will be examined later on in
chapter 5.
3.4.1 The chromatic aberration
The diﬀerent energies of the charged particles within the beam produce diﬀer-
ent focal distances behind the magnetic lens, which is represented in the case
under study by the magnetic solenoid. That is the focal length is proportional
to the particle momentum [66], see ﬁgure 3.5. This aberration causes an axial
enlargement of the beam radius at the focal spot. Due to their similarity with
the chromaticity in optical lenses it is called the chromatic aberration.
This aberration type is most important for the laser accelerated protons due to
the wide energy spread of the proton beam. To go deeply in this distortion, the
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Figure 3.5: The focusing of 9.5, 10.0 and 10.5 MeV proton energies with a
mono-initial divergence 100 mrad through a solenoid magnetic lens.
geometrical cross-section for the trajectories through the magnetic solenoid of
the focused energy E and the oﬀ-energies E ±∆E with an explanation ﬁgure
of the trajectories at the focusing region are shown in ﬁgure 3.6.
Figure 3.6: Schematic diagram for the tracking of focused energy E and their
oﬀ-energies E ± ∆E through magnetic solenoid (up) with explanation ﬁgure
of focusing region (down).
From the geometry, the chromatic emittance εch for the conﬁned energy win-
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dow is given by:
εch ≈ Rb Ωf (3.2)
where Rb is the waist radius and Ωf is the divergence of lowest energy at the
focal spot.
The beam divergence at the focal spot Ωf is related to the beam divergence
at the beam source Ωs. This relation can be deduced from the similarity of
the triangles in the divergence and convergence stages for the lower energy








Here, L1 is the target-maximum beam radius distance, L2 is the distance be-
tween the maximum beam radius and the focal spot, and ∆f is the focal
length diﬀerence between the focal spot of the central energy and the oﬀ-
energy E −∆E.
Both, the energy spread ∆E and the focal length diﬀerence ∆f are directly







where f is the focal length of the central energy E and α is the chromaticity
constant.
The last two equations can be used to derive the beam radius waist Rb at the








Substitution of 3.3 and 3.5 into 3.2 for a focal spot far away from the magnetic
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This equation is compatible with that resulting from the scaling law for the
chromatic emittance with the energy width ∆E/E and the initial production
source angle Ωs [73]






where αc is the chromatic aberration factor.
The comparison between the last two equations yields the direct relation be-
tween the proportionality constant α (the chromaticity factor) and the chro-





To put the chromatic aberration under control, the tracking of the proton beam
through the magnetic solenoid, for a varied target solenoid distance d and a
ﬁxed focal distance f , is studied. A pulsed magnetic solenoid with 40 mm
aperture diameter and 150 mm length is used.
The target has a freedom of movement, where the strength of the pulsed mag-
netic solenoid is adjusted to create a focal spot at 1.5 m for the reference
energy 10 MeV .
The TraceWin code is employed to study the chromatic eﬀect on the solenoid
focus. A uniform proton beam is used, which is originating from a source spot
size of 28 µm with an initial divergence of 50 mrad and a vanishing energy
spread around the reference energy of 10 MeV .
The simulation results show that both, the chromatic aberration factor and
chromatic emittance, are directly proportional to the target solenoid distance.
The chromaticity factor shows an inverse dependence from the target solenoid
distance d, as a result of the inverse relation of the focal length diﬀerence ∆f
with the target solenoid distance d. No eﬀective change is observed in the
beam radius with the target solenoid distance, see ﬁgure 3.7.
The kick after the 0.12 m target solenoid distance is due to a loss of protons at
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Figure 3.7: Geometrical parameter dependence of chromatic aberration on
target solenoid distance.
the solenoid beam tube. Therefore, the chromatic aberration can be reduced
by decreasing the target solenoid distance.
3.4.2 The geometric aberrations
An additional geometrical distortion in the focal spot region emerges from the
third-order terms (r3,r′r2,r′2r) in the non-paraxial ray equation of motion [66].
This aberration is called the geometrical aberration. The geometrical aberra-
tion arises from a stronger bent of the further oﬀ axis proton rays towards the
optical axis, which is caused by the inhomogeneous magnetic ﬁeld action on
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the oﬀ axis proton rays.






Here, Cs is the geometrical aberration coeﬃcient, which depends upon the
proton beam properties and the lens geometry. The half divergence of the focal
spot αf depends on the initial divergence αi. Two diﬀerent models are followed
in the tracking of the standard uniform distribution through the magnetic
solenoid, to clarify the geometrical eﬀect at the focal spot in the phase space
distribution xx’.
The ﬁrst model is the linear tracking which relies mainly on the hard edge
approximation, while the second one is the non-linear tracking through the
solenoidal magnetic ﬁeld, generated internally in the TraceWin code. For the
input distribution, the normalized transverse rms emittance was 4.2 π.mm.mrad
with the input transverse divergence ± 150 mrad and energy spread ± 5 %
around the reference energy 10 MeV . The transverse phase spaces in xx’, for
the input and output of the two diﬀerent models at 0.5 m focal distance are
shown in ﬁgure 3.8.
The pure chromatic eﬀect, which is observed in the linear tracking case, is
shown in the middle ﬁgure while an additional geometrical eﬀect, due to the
non-linear tracking through the solenoidal ﬁeld, is shown in the right one. The
S-shape in the right ﬁgure is due to the geometric aberration.
In order to exclude the chromatic aberration from the focal spot, the same
distribution with a vanishing energy spread is studied. The focal spot is not
aﬀected by the chromatic aberration through the linear and non-linear track-
ing, and only a pure geometrical aberration at the focal spot in the non-linear
tracking is noticeable by the S-shape, see ﬁgure 3.9.
To compare the geometrical eﬀect at the focal spot with and without the
existence of the chromatic aberration, the output rms-emittance of the linear
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Figure 3.8: Transverse xx’ phase space distribution for input (left) and output
of two diﬀerent tracking models, linear (middle) and non-linear (right), for
±5% proton energy spread at focal spot.
Figure 3.9: Transverse phase space xx’ distribution for input (left) and output
at focal spot of two diﬀerent tracking models, linear (middle) and non-linear
(right), for a vanishing proton energy spread.
tracking is subtracted from that in the non-linear tracking for both cases,
the ±5% energy spread and the vanishing energy spread. The rest of the
resulting rms-emittance for the ±5% energy spread case was 13 pi.mm.mrad,
while it was 18 pi.mm.mrad for the vanishing energy spread case. An obvious
diﬀerence between them is observed. This means that the geometric aberration
is aﬀected by the chromatic aberration, so they are correlated and not additive.
To study such correlations between the geometric and chromatic aberrations,
the rms-emittance dependence of the focal spot on the input transverse diver-
gence is studied for the two cases of energy spread (the vanishing and ±5%
energy spread), see ﬁgure 3.10. The curve of the vanishing energy spread
0.01% represents a purely geometric aberration in the emittance growth (the
blue curve in the right ﬁgure). The linear and non-linear tracking for ±5%
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energy spread are shown as two green curves in ﬁgure 3.10 (left). The subtrac-
tion of the lower curve from the upper one, in left ﬁgure, gives the growth in
the rms-emittance curve due to the geometrical aberration (the red curve in
the right ﬁgure). The geometrical aberration is decreased by the existence of
the chromatic aberration as shown in the right ﬁgure.
Figure 3.10: The transverse normalized emittance with the initial divergence
of a uniform proton beam at the solenoid focus for the linear and non-linear
tracking of ±5 energy spread (left), and non-linear tracking of a vanishing
energy spread with the rest subtraction of both curves from ±5 energy spread
(right).
Figure 3.11: Output rms-emittance in x-x’ versus energy spread at diﬀerent
opening angles (left), and versus opening angle at diﬀerent energy spreads
(right).
The TraceWin code was employed to estimate the growth of rms-emittance due
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to both aberrations (the chromatic and geometric aberrations) at the solenoid
focal spot by using a uniform input distribution and ignoring the space charge
eﬀect. The chromatic emittance for a given solenoid and spot radius with the
varying input transverse divergence obeys the geometry law 3.6. The resulting
emittance, at a 2 m focal distance from the center of the solenoid, depends on
the energy spread and the initial beam divergence.
Figure 3.11 shows the eﬀects of both aberrations on the resulting emittance. In
the left ﬁgure, a linear behavior is shown between 4% and 10% energy spread
caused by the chromatic eﬀect, and for the small energy spread a non-linear
behavior appears caused by the geometrical aberration. The same result was
found by Almomani et al. [40]. The resulting emittances at the same energy
spread (right ﬁgure) also show the nonlinear trend due to the geometrical
eﬀect.
Chapter4
Modeling and Optimization of Laser
Accelerated Proton Beams
The aim of ﬁnding applications of the laser accelerated protons, such as a new
particle source for the conventional accelerators, the isochronic heating and the
proton therapy [3], motivated this work, looking for concepts that optimize the
proton beam for diﬀerent purposes.
Two individual tools have been employed in these studies, an aperture located
at the solenoid focal spot as an energy selection tool, and a scattering foil in
the beam path smoothing the correlation of the radial energy beam proﬁle at
the focal spot. Another suggested correction has been investigated, to optimize
the beam radius at the focal spot by the lens geometry.
In this chapter, two models were followed in the tracking through the pulsed
magnetic solenoid, to look into the expected relations and eﬀects of the chro-
matic and geometric aberrations on the beam optimization: the linear and
non-linear tracking. The ﬁrst model is based on the hard-edge approximation,
which replaces the magnetic solenoid by a rectangular ﬁeld distribution in ax-
ial direction. The motion of the proton beam in the axisymmetric system is
described by the paraxial ray equation that can be converted to a solenoid
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transfer matrix, which consists of the uniform ﬁeld and the ideal fringe ﬁelds
at both solenoid edges. In this case, the deviation of the proton trajectories is
due to the energy spread of the proton beam or the chromatic aberration only.
In the second model, the transported proton beam through the ﬁeld map of
the magnetic solenoid in the TraceWin Code is including non-linear forces.
The equation of motion is described by the non-paraxial ray equation, where
the higher order terms that produce the non-linear eﬀects appear [66].
4.1 The energy spread optimization of the pro-
ton beam in transmission inspection
Usually, in the proton therapy, the deposited dose distribution through the
intended target volume is uniform [50]. In this ﬁeld of applications, the wide
range and exponential shape of the energy spectrum of laser accelerated pro-
tons are resulting in distributed depositions within the target layers.
In order to cover a ﬁnite target by a uniform dose distribution, the energy
proﬁle has to have a special shape. This shape depends on the Bragg peak
curve, and one needs to overlap many narrow energy spread beams to form
it as explained in chapter 2. The narrow energy spread could be provided
by putting an aperture at the focal spot of a certain energy, which works as
energy ﬁlter tool of the proton beam.
In this section, the transmission through the beam pipe and an aperture with
their dependence on the focal length for the tracking through the magnetic
solenoid, which is obeying the linear tracking (hard edge approximation) in
the ﬁrst subsection and the non-linear tracking in the second subsection, have
been studied.
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4.1.1 The transmission through an aperture
The PARMILA and TraceWin codes were used to study the transmission of
a uniform distribution behind an aperture placed after the pulsed magnetic
solenoid at the focal spot. The pulsed solenoid is adjusted to give a focal spot
for the reference energy 10 MeV at 1.5 m from the source, see ﬁgure 4.1. The
distance of 0.08 m between target and solenoid was kept constant.
Figure 4.1: Scheme of the linear proton beam tracking from the target along
the magnetic solenoid and through the solenoid focus at 1.5 m for 10 MeV
protons.
The aperture radius (5 mm) is chosen to permit only proton transmission
within the energy window 10± 0.3 MeV . The transmission through the aper-





where Ng is the number of the protons that are transmitted by the aperture
and Ninput is the initial number of the protons.
In this study, the TraceWin code was more eﬃcient to investigate the transmis-
sion through the aperture because it needs only one shot to get the full energy
spectrum, while the PARMILA code gives the total number of transmitted
protons from the aperture in every shot which had to be repeated for varied
reference energies. In the PARMILA simulations, the use of the ±2 MeV en-
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ergy window for the varied reference energy, in every shot, gave a wider energy
spectrum than that resulted by the TraceWin code ( see ﬁgure 4.2). An ex-
planation is, that an energy independent input distribution within ± 2 MeV
was used in PARMILA simulations, while the density proﬁle used in TraceWin
was parabolic within the same width of ± 2 MeV .
Figure 4.2: Energy spectrum of the transmitted uniform proton distribution
using PARMILA (left) and TraceWin (right) codes.
4.1.2 The transmission at diﬀerent focal lengths
The tracking of the exponential energy distribution, which is approximately
ﬁtted to PHELIX measured data (see chapter 3), in the solenoid ﬁeld map was
investigated using the TraceWin code. The solenoid ﬁeld is adjusted for two
diﬀerent focal spots, at 1 m and 2 m from the target, for the reference energy
10 MeV , see ﬁgure 4.3. In both cases, an aperture with a chosen radius of
2 mm is placed at the focal length.
The proton transmission (relatively to the initial number of 106 simulation
particles) is analyzed to study the transmitted energy spectrum through the
beam pipe of 30 mm radius and aperture (ﬁgure 4.4).
The width of the energy spectrum is controlled by the energy ﬁltering property
of the ﬁnite radius beam pipe and aperture, in combination with the chromatic
CHAPTER 4. MODELING AND OPTIMIZATION OF. . . 47
Figure 4.3: The scheme of the non-linear proton beam tracking through the
magnetic solenoid from the source up to the 10 MeV solenoid focus at 1 m
(left) and at 2 m (right).
Figure 4.4: Energy spectrum at two diﬀerent focal distances, at 1 m (left) and
2 m (right).
aberration. Note that the spectrum width reduction progresses with the dis-
tance, and the transmission of protons, in front of the aperture, within the
energy band 10 ± 0.5 MeV , was 20.7% at 1 m and 4.7% at 2 m drift length.
The geometrical aberration produces a transverse expansion in the focal spot,
limits the intensity of transmitted protons through the aperture, and slightly
expands the plateau of the energy spectrum. However, this slight broaden-
ing in the energy spectrum width could be overcome at the expense of the
intensity, where the spectrum width reduction progresses with distance.
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4.2 The beam proﬁle Optimization by a scat-
tering foil tool
All previous analysis and simulations dealt with the transporting, the focusing
and the energy selection of the TNSA Protons by a pulsed magnetic solenoid,
which indicated the chromatic and geometric aberrations with their eﬀects on
the emittance and transmission at the solenoid focus. To enrich the previous
investigations and make it more robust and eﬃcient, an additional analysis for
the solenoid focus has been studied in this chapter.
The imprint of the laser accelerated protons at the RCF stack at the solenoid
focus shows unwanted radial-energy correlation [9]. This motivated us to an-
alyze the radial density with energy at the solenoid focus for the simulated
proton beam and try to de-correlate and smooth such correlations by using a
scattering foil tool in the way of the beam. It stands between the solenoid and
its focus.
4.2.1 The radial-energy correlation of the beam proﬁle
The radial-energy correlation can be simulated, observed and studied at the fo-
cal spot by the tracking of a uniform proton distribution through the magnetic
solenoid in the TraceWin Code.
Two models were followed in the tracking, to look into the expected relations
and eﬀects of chromatic and geometric aberrations on the radial-energy corre-
lation of the beam proﬁle: the linear and non-linear tracking.
4.2.1.1 The linear tracking
In order to study the radial-energy correlation at the focal spot, the linear
tracking of a uniform proton distribution through the pulsed solenoid with
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the reference energy 10 MeV , an energy spread ± 5 MeV and an input ini-
tial divergence up to 100 mrad, has been studied by the TraceWin code, see
ﬁgure 4.5.
Figure 4.5: Schematic diagram for tracking of a uniform distribution through
the solenoid.
Figure 4.6: Schematic diagram for the trajectory of the focused energy and
oﬀ-energy at the solenoid focus.
The radial-energy correlation at the focal spot shows high density of the ref-
erence energy within a small beam radius, see ﬁgure 4.7 (left). This energy
correlation of the beam proﬁle for the reference energy also can be observed in
the radial spectrum at the focal spot for the energy window ± 1 MeV around
three central energies 8, 10 and 12 MeV .
The radial-energy correlation is caused by the chromatic aberration, which is
the only existing aberration in this model (the linear tracking model). This can
be understood by studding the trajectories of the oﬀ-energy protons around
the reference focused energy 10 MeV (see ﬁgure 4.6).
The high energy protons are under focused at the focal distance of the reference
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Figure 4.7: Radial-energy correlation at focal spot (left) with their radial spec-
trum at the focal spot of three central energies 8, 10 and 12MeV within energy
window ± 1 MeV (right), for linear tracking through magnetic solenoid.
energy, while the low energy protons are over focused. Thus, the radial-energy
density is broad and distributed uniformly at the focusing plane while the
reference energy is focused within a small radius as noted in ﬁgure 4.6.
4.2.1.2 The non-linear tracking
As mentioned before, the tracking through the ﬁeld map of the magnetic
solenoid provides the non-linear forces. The ﬁeld map generated for this sim-
ulation was restricted to the second terms of the ﬁeld components Br and Bz.
This lead to a rise of third order in the equation of motion that is responsible
for the geometrical aberration eﬀect [66].
Continuing the simulation with the example in the previous subsection 4.2.1.1
through the solenoid ﬁeld map for the same uniform distribution, while keeping
on the same focal distance 1 m for the reference energy 10 MeV , shows a
modest radial-energy correlation at the focal distance, see ﬁgure 4.8.
By a comparison of ﬁgures 4.7 and 4.8, the eﬀect of the geometrical aberration
can be observed in the radius-energy correlation. The radial density has been
spread out, so the density of the reference energy is decreased and smoothed
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Figure 4.8: Radial-energy correlation at focal spot (left) with their radial spec-
trum at the focal spot of three central energies 8, 10 and 12MeV within energy
window ± 1 MeV (right), for non-linear tracking through magnetic solenoid.
down. The spreading out of the radial density is caused by the variety of the
initial divergences for protons, where the large proton angles are over focused
at the solenoid focus on contrast of the lower proton angles.
4.2.2 The smoothing and energy de-correlation of the
beam proﬁle
As mentioned in chapter 2, the needed high proton energy ranges (60 −
250 MeV ) in the proton therapy can be hoped for in the future in the Break-
Out Afterburner (BOA) [53] or in the radiation pressure acceleration (RPA) [55,
64]. The initial distribution produced by the TNSA is similar, in the general
characteristics, with that generated by the BOA and RPA in the wide angular
divergence, the large energy spread and the protons follow the same optics in
the magnetic elements. Thus, the proton therapy could be studied relying on
the proton distribution of the TNSA, which provides the proton energy ranges
up to several tens of MeV , as a scale down of the energy range needed.
The most signiﬁcant challenges facing the medical treatment with this technol-
ogy are the broad initial angular divergence and the large energy spread [49]
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with the additional observed radial-energy correlation. The ﬁrst two challenges
can be overcome by using the pulsed magnetic solenoid as a collimator together
with an aperture as an energy selection tool at the focal distance.
In order to reduce the biological damage in the unintended tissues around
the tumor the proton beam should provide a homogeneous and uniform dose
distribution in the intended tissue [49, 51]. This motivated us to cure and de-
correlate this radial-energy correlation in the beam proﬁle by using a scattering
carbon foil in the way of the proton beam. The transmission of protons through
the carbon foil provides an angular and energy straggling that reproduces the
central transverse density.
The SRIM code was employed to study the transmission through the foil,
especially. In the following, the most preferable position of a chosen carbon
foil thickness, for the same example studied in this section, with a limiting
aperture at the solenoid focus, is studied (see ﬁgure 4.9). Then, the smoothing
of the radial-energy correlation at the solenoid focus, for a uniform and realistic
distribution, is studied.
Figure 4.9: Schematic diagram for tracking of proton distribution through
solenoid with aperture ﬁlter placed at the focal distance.
4.2.2.1 The adjusting of the scattering foil position
Several criteria are related to the foil position, such as the de-correlation power,
the transmission from the aperture, the beam density and the foil thickness
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that implies a direct relation with the energy straggling. Therefore, the foil
position plays an important rule in the beam quality of the transmitted proton
beam.
To adjust the scattering foil position, the smoothing power, as the relative
diﬀerence of the radial spectrum peak between smoothed and un-smoothed
beams, is qualiﬁed at the focal distance behind the aperture (5 mm radius),
see ﬁgure 4.10.
Figure 4.10: The radial peak spectrums of the smoothed (f(r)) and un-
smoothed (g(r)) beams at the solenoid focus. The aperture diameter (10 mm)
is marked in black lines.





where f(r) is the de-correlated radial spectrum behind the aperture, with the
existence of the scattering foil in the front of the aperture, and g(r) is the
radial spectrum of the beam without the existence of scattering foil. A large
value of α indicates a large smoothing strength and vise versa. The aim is to
ﬁnd the intersection between α and the relative transmission Tr through the
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where TA is the transmitted particles through the aperture and Np is the initial
number of particles.
In order to ﬁnd the most reasonable position of the scattering foil, the carbon
foil thickness is chosen to be 22.5 mg/cm2 (100 µm). Then the intersection
of α with the relative transmission Tr at diﬀerent positions of the scattering
foil is found, for an uniform distribution of ± 2 MeV energy spread with a
10 MeV reference energy, see ﬁgure 4.11.
Figure 4.11: De-correlation power α and relative transmission Tr at diﬀerent
positions of scattering foil
Figure 4.11 shows the intersection at 0.61 m from the laser target. This inter-
section is taken as the most preferable position of the scattering foil, that gives
a good transmission through the aperture at the focal spot with a satisfactory
smoothing.
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4.2.2.2 The smoothing in the uniform and realistic distributions
The transverse straggling at the focal distance for an axial collimated reference
energy 10MeV caused by a scattering carbon foil has been studied by ATIMA
code [72]. This extension in the transverse focal spot is used to identify the
aperture radius. The aperture radius was found to be 5 mm for a carbon foil
thickness 22.5 mg/cm2 placed at the intersection 0.61 m as mentioned before,
see ﬁgure 4.12.
Thereafter, the radial-energy correlation at the focal distance for the tracking
through the solenoid ﬁeld map of both simulated distributions, the uniform and
realistic distributions, has been studied. The energy spread for the uniform
distribution is ± 5 MeV around the reference energy 10 MeV with an initial
divergence up to 100mrad. The realistic distribution was approximately ﬁtted
to PHELIX measured data with an energy spectrum running from 3−30MeV
and maximum divergence up to 400 mrad. Both distributions are for a beam
originating from a source spot size 28 µm.
Figure 4.12: Schematic diagram for tracking of proton distribution through
solenoid, scattering carbon foil, at 0.61 m, and aperture of 5 mm radius
In the uniform distribution case, as mentioned before, the beam will experience
from an angular and energy straggling by passing through the carbon scattering
foil. The angular straggling can be observed from the enlargement of the
divergence in the phase space immediately after the foil, see ﬁgure 4.13. During
the beam path, this growth of the divergence will cause an enlargement of
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the transverse beam size after a reasonable distance, which is not eﬀective
immediately after the foil.
Figure 4.13: Phase space xx’ before (left) and immediately after the scattering
foil (right)
The energy straggling can also be observed immediately after the foil, which is
shown as an average energy shift from 10MeV to 9MeV , see ﬁgure 4.14. This
shift in the energy is due to the energy loss in the interaction of the protons
with the scattering foil.
Figure 4.14: The radial-energy correlation at z = 0.61 m before (left) and
immediately after the carbon foil (right)
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The radial-energy correlation at the focal spot is obviously observed without
scattering carbon foil. The existence of the carbon foil reproduces the central
transverse density of the beam proﬁle and smoothen it as well as de-correlates
the radial-energy correlation, see ﬁgure 4.15.
Figure 4.15: The radial-energy correlation at z = 1.0 m solenoid focus for the
uniform proton beam without the scattering foil (left) and with the scattering
foil (right) as a smoothing tool in the way of the proton beam.
The focal spot of the realistic distribution is also showing such correlation as
shown in ﬁgure 4.16 (left), and the smoothing eﬀect of the scattering carbon
foil is shown in the right one.
As shown in ﬁgure 4.16 the foil produces an energy straggling in the proton
distribution, where the average energy is decreased by 0.21 MeV . The small
shift of the average energy is a result of the contribution of two eﬀects. The
energy loss in the foil causes a negative energy shift that resisted by the evalu-
ated proton ﬁltering (36.3 %), in the low energy region, through the scattering
foil and beam pipe. The protons in the low energy region are over-focused at
the scattering foil position. A small portion (1.6 %) of the lost protons within
the lowest energy region (i.e. less than 5 MeV ) is aﬀected by a large internal
scattering and not transmitted to the rear side of the foil. The remaining part
of these protons (34.7 %) are ﬁltered in the beam pipe due to the additional
angular divergence from the foil.
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Figure 4.16: Radial-energy correlation at focal spot for realistic distribution
without scattering foil (left) and with scattering foil (right) as smoothing tool
in the way of proton beam.
Less than 1 % of the protons in the high energy region (i.e. higher than
14 MeV ) are lost through the beam pipe. Most of them are collimated or in
the focussing stage immediately in the front of the foil because the protons
with high divergence are ﬁltered early in the solenoid channel and subsequent
beam pipes before the foil.
The RMS divergence for the high energy protons (> 14 MeV ) is decreased
through the transmission from 26 mrad to 19 mrad while it is increased from
85 mrad to 115 mrad in the low energy region. Thus, the scattering foil in
this case works as a scatterer tool for the low energy protons and a focusing
tool for the high energy protons. The diﬀerent behavior of the protons with
respect to their energies divide them, in phase space, to two ellipses as shown
in ﬁgure 4.17. The low energy protons are distributed in the upper ellipse with
higher divergences and the high energy protons are distributed in the lower
one.
In order to reduce the straggling of the energy the foil thickness can be min-
imized coincide with the rounding of the foil position closer to the magnetic
solenoid, with keeping a reasonable beam transmission at the focal spot.
The relevance of using an aperture at the solenoid focus takes is as an energy
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Figure 4.17: Phase space xx’ of protons bunch before (left) and after (right)
the scattering foil.
Figure 4.18: The evolution of a proton bunch with distance, from aperture
(left) to 10 cm (middle) and 20 cm (right) after aperture.
ﬁltering tool around the de-correlated reference energy. All protons with radii
exceeding the aperture radius are excluded. The transmitted protons around
the reference energy are de-correlated and spread out with distance, see ﬁg-
ure 4.18. The eﬀect of the distance on the de-correlation is observed from the
evolution of the ﬁltered protons at 10 cm and 20 cm from the aperture. This
is due to the direct relation between the re-formation in the central transverse
density of the straggled protons with the distance.
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4.2.3 The scattering foil thickness dependence
Many parameters related to the beam quality may be aﬀected by the scat-
tering foil thickness. The aﬀected parameters are both the straggling in the
angular divergence and energy, with their outcome of the emittance growth
and transmission from the aperture at the solenoid focus. In order to study
their dependence on the thickness, the penetrating of a uniform distribution
(with 10 ± 2 MeV and a maximum divergence reach to 100 mrad) through
diﬀerent carbon foil thicknesses (40, 80, 120 and 160 µm) at 0.61 m from the
laser target, is studied.
The rms divergence of the penetrated proton beam is increasing with the thick-
ness due to the increasing in the possibility of the collisions. This can be
observed in ﬁgure 4.19.
Figure 4.19: The rms divergence of protons bunch dependance on thickness.
The protons suﬀer from ionization and excitation interactions with the atoms
during the penetration through the matter that causes an energy loss and
straggling [74]. The energy loss is proportional to the thickness. The average
energy dependence on the foil thickness is shown in ﬁgure 4.20.
The relative rms emittance of the transmitted proton beam at the aperture
with the scattering foil to that without the scattering foil, is shown in ﬁg-
CHAPTER 4. MODELING AND OPTIMIZATION OF. . . 61
Figure 4.20: The average energy of protons bunch dependance on thickness.
Figure 4.21: The rms relative emittance dependance on scattering foil thick-
ness.
ure 4.21. The growth of the relative rms emittance behind the aperture is due
to the growth of the rms divergence that is proportional to the foil thickness,
while the lateral size is equal to the aperture size.
The relative transmission of protons from the aperture is inversely related to
the scattering foil thickness, which is also due to the growth of the rms angular
divergence with the foil thickness that expands the beam radius more than the
aperture size, see ﬁgure 4.22.
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Figure 4.22: The relative transmission dependance on scattering foil thickness.
4.3 The beam radius optimization by control-
ling the lens geometry
As mentioned before, the radius of the least confusion rs, at the solenoid focal
spot, caused by the geometrical aberration that is given in the equation 3.9, is
indirectly related to the initial properties of the proton beam and the geomet-
rical aberration coeﬃcient Cs. It is possible to change the solenoid geometry
by altering its length to radius ratio L/R.
The growth of the rms normalized emittance with the L/R solenoid ratio,
at a position 0.5 m behind the target, is studied. In this simulation study,
the dedicated input uniform distribution was with a vanishing energy spread
around 10MeV central energy, 150mrad initial divergence and 28 π.mm.mrad
initial transverse emittance. The target-solenoid distance was 80 mm. The
solenoid radius (30 mm) was constant while the solenoid length L was varied,
see ﬁgure 4.23.
The results show that the geometrical eﬀect is inversely proportional to the
ratio (L/R), see ﬁgure 4.23. For longer solenoids, the axial magnetic ﬁeld Bz
becomes more uniform within the solenoid core and less bent at the solenoids
edges. The eﬀect of inhomogeneity of the solenoid fringe ﬁeld (the geometrical
aberrations), at constant magnetic ﬁeld, becomes lower for longer solenoids,
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Figure 4.23: Growth of transverse rms normalized emittance with solenoid
geometry.
compared with the solenoid core eﬀect (the focusing action), which becomes




De-Neutralization Problem in TNSA
As mentioned in chapter 2, the protons are expelled from the target rear side
by a high electrostatic ﬁeld generated from the charge separation, while the
space charge of the protons produces self electric ﬁelds. The co-moving elec-
tron distribution re-forms to compensate the space charge ﬁelds [75], which
produces a quasi-neutral distribution.
In the resulting distribution the electrons and protons are ﬂying together with
the same velocities (vp = ve) [5, 33,46,76].
The neutralization is highly sensitive, which can be broken due to an external
ﬁeld, like the magnetic gradient in the fringe ﬁeld of the solenoid or quadrupole
(mainly permanent magnetic quadrupole PMQ), where the electrons are highly
aﬀected due to their lower mass [33].
To study the change of the space charge ﬁelds in the fringe ﬁeld of the magnetic
element, with their expected eﬀects on the electron and proton beams tracking,
the TraceWin code has been employed.
In this simulation, an electrostatic model with a lot of approximations is fol-
lowd. In this model, the evolution of self and mutual ﬁelds through the pulsed
magnetic solenoid could be found. This was not the case in the PMQ, and
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only the growth of the self ﬁelds could be found (see the last section in this
chapter). Here, the self ﬁeld is deﬁned as the proton (or electron) ﬁelds eﬀect
on a single proton (or electron), and the mutual ﬁeld is the proton (or electron)
ﬁelds eﬀect on a single electron (or proton). The longitudinal mutual ﬁeld is
not included in this study. Diﬀerent authors indicated that this is not an im-
portant eﬀect because inside the lens the space charge density of the protons
and electrons is already suﬃciently diluted [40, 57, 77]. The beam self ﬁeld in
this work is indicated by the beam current.
In this chapter, the tracking for chosen bunches of the electrons and protons,
with their resulting self and mutual eﬀects, is studied. Where the solenoid
magnet was adjusted to focus the 10 MeV protons at 1 m from the target (of
a 0.08 m target solenoid distance) and the PMQ focuses them at 0.385 m (of
a 0.07 m target PMQ distance).
5.1 The collapse of the beam neutrality in the
solenoid fringe ﬁeld
The general behavior of the neutralized proton beam by the co-moving elec-
trons in the solenoid ﬁeld region and subsequent drifts will be investigated
roughly in this section.
The schematic diagram for the laser target, the solenoid dimensions with their
supposed ﬁeld region, and the drifts behind the target and solenoid is shown
in ﬁgure 5.1. The tracking axis in mm is shown and compared with a ps time
scale for time of ﬂight of the 10 MeV protons.
In the ﬁrst step of the solenoid fringe ﬁeld, the protons and electrons with a
same initial divergence start to gyrate with diﬀerent gyration radius rg due to
the large diﬀerence between their transverse momentums. The gyro-radius rg
CHAPTER 5. DE-NEUTRALIZATION PROBLEM IN TNSA 67
Figure 5.1: Schematic diagram for laser target, solenoid dimensions with their
supposed ﬁeld region, and drifts behind target and solenoid. The tracking axis
in mm is shown and conjugated with what equaled in ps time scale for time
of ﬂight of 10 MeV protons.




where p⊥ is the transverse charged particle momentum, q is the particle charge,
and B is the longitudinal magnetic ﬁeld. For example, the gyro-radius for a
10 MeV proton at a solenoid center with 7.5 T is about 60 mm, which is
compared to an electron with 5 keV that gyrates in a 0.03 mm gyro-radius at
the solenoid center.
The magnetic ﬁeld is increasing along the electrons’ path; thus the trajectories
can be described as decreasing helixes, following and gyrating around the mag-
netic lines. Figure 5.2 shows the trajectories of four electrons starting at the
entrance plane of the solenoid fringe ﬁeld region from four diﬀerent positions
with the same energy and divergence. The ﬁeld level at the ﬁrst step of the
solenoid fringe ﬁeld is 0.3 T .
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Figure 5.2: The trajectories of four electrons starting at the entrance plane
of the solenoid fringe ﬁeld region from four diﬀerent positions with the same
energy and divergence.
5.1.1 The simulation grid
The longitudinal magnetic ﬁeld in the solenoid center reaches 7.5 T and the
lowest electron gyro-radius is a few µm. Thus, to track the electrons through
the solenoid ﬁeld map, the mesh dimensions of a cylindrical grid have to be
chosen carefully, where it has to be ﬁne enough to prevent the electrons going
out of the simulation algorithm.
The radial dimension ∆r = 1 µm was used in the simulation with an ini-
tial longitudinal dimension ∆z = 1 mm, which is re-splitted again within the
TraceWin code as a step of calculations to 10 nm. The run-time of the nu-
merical simulations with 5 × 104 micro-particles of electrons, which are used
in the simulations through the chosen mesh dimensions, was about 3 hours.
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5.1.2 The proton and electron beams expansion in the
solenoid ﬁeld region
The electrons expand longitudinally, due to the wide energy spread, and trans-
versely they stopped in the solenoid magnetic ﬁeld and inversely diminished
along the z axis with the increasing in the B-ﬁeld. Concurrently, the elec-
tron density increases extremely on the axis, which produces a high repulsion
outbalanced by the magnetic focusing force (q veθ ×B).
The protons, which have much higher mass, are not subjected to this and ex-
pands transversally, while they are attracted by the resulting negative potential
on the axis.
After the mid of the solenoid element, the magnetic ﬁeld decreases gradually,
as a result, the electrons are back to expand transversely. In the individual
tracking of the proton and electron beams, the diﬀerent paths of the proton
and electron beams could be explained in the radial density of the beam proﬁle
as shown in ﬁgure 5.3. The yellow region at the end of the ﬁeld region, for
protons’ case, is due to the focusing action at the protons within energies less
than 5MeV , while the right ﬁgure shows the axial path of the electrons, where
their motion is conﬁned within a 0.3 mm radius at the solenoid center.
Figure 5.3: Radial density of beam proﬁle for individual tracking of the protons
(a) and electrons (b) species of the whole beam within the solenoid ﬁeld region.
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In this simulation study, the mutual and self ﬁelds’ eﬀects are not included,
which will be roughly included in the next sections.
5.1.3 The beam transmission
The major part of electrons are reﬂected by the magnetic mirror eﬀect. This
eﬀect is caused by the conservation of the adiabatic invariant magnetic mo-








where E⊥ and v⊥ are the transverse energy and velocity, respectively.
In the fringe ﬁeld region, the electrons are inﬂuenced by the increasing of the
magnetic ﬁeld B. Therefore, the transverse energy E⊥ increases in order to
keep the µ invariant. Since the total energy is conserved, the increasing in E⊥
is at the expense of the parallel energy E||. So, an electron with a relatively
large initial divergence and not enough energy will be reﬂected at a point,
where its parallel energy E|| is totally converted to E⊥.
The electron loss from the target up to the exit of the solenoid ﬁeld region
is shown in ﬁgure 5.4. About 82% of the electrons are reﬂected due to the
magnetic mirror eﬀect, which is the same as mentioned in [79].
Figure 5.4: The electron (left) and proton (right) loss from the target up to
the exit of the solenoid ﬁeld region.
CHAPTER 5. DE-NEUTRALIZATION PROBLEM IN TNSA 71
On the other hand, the protons with large divergences are mainly ﬁltered by
the solenoid border, where the solenoid ﬁeld was adjusted to focus 10 MeV
protons at 1 m from the target, see the right ﬁgure. Up to exit of the solenoid
ﬁeld region, about 75% of the protons are ﬁltered by the borders.
5.2 An approximated electrostatic model to
study the eﬀect of the electrons on the
proton beam
The tracking of two diﬀerent beams, concurrently, is not possible in the TraceWin
code. Thus, a zigzag model is followed to understand the growth of the space
charge eﬀects on the electron and proton beams through the pulsed magnetic
solenoid and the PMQ. This model is called an electrostatic model. In this
model, the source of the space charge ﬁelds aﬀecting both beams is splitted
into self and mutual ﬁelds.
The self ﬁelds indicate the ﬁelds aﬀect on a charge particle from the similar
charges within the beam, while the mutual ﬁelds indicate the ﬁelds from the
opposite charges.
Finally, the eﬀect of the electrons on the proton beam tracking is included
under a lot of approximations. For more details refer to the appendix.
5.3 The space charge eﬀects on the protons
within a chosen energy window
The solenoid ﬁeld region is not crossed by the laser generated protons at the
same time. Thus, a chosen proton bunch within the energy window ±0.5MeV
around a central energy 10 MeV is studied.
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In the chosen bunch, every single proton is aﬀected by a repulsion electric ﬁeld
(self ﬁeld) from the protons within the bunch, in addition to, an attractive
electric ﬁeld (mutual ﬁeld) from the electrons moving with the same velocities
on the axis. The inﬂuence of the self and mutual ﬁelds on the studied proton
bunch can be investigated individually from the integrated kick with initial
input radius.
The integrated kick ∆R′ along the solenoid ﬁeld region is calculated from the
diﬀerence between the initial R′i and ﬁnal R
′
f proton divergences as
∆R′ = R′i −R′f (5.3)
The focusing action is represented by a positive sign of ∆R′ while the negative
sign represents a de-focusing action.
In this simulation, tracking of diﬀerent samples is studied from the chosen
proton bunch (9.5− 10.5 MeV ) with diﬀerent initial opening angles R′. After
40mm from the target source, at the entrance of the solenoid ﬁeld region, these
protons are re-shaped to form a ring distribution, which is shown in ﬁgure 5.5
for the case of 60 mrad opening angle.
Figure 5.5: Ring proton distribution with initial opening angle R′ = 60 mrad
at 40 mm behind the laser target.
The integrated kick ∆R′ due to the pure solenoidal ﬁeld, the solenoidal ﬁeld
with the self ﬁeld, and the pure mutual ﬁeld are shown individually in ﬁgure 5.6.
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The pure solenoidal ﬁeld shows a linear integrated kick dependence on the
initial radius Ri (or divergence R
′
i) as shown in the left ﬁgure.
Figure 5.6: The integrated kicks with initial proton input radius Ri due to the
pure solenoidal ﬁeld (left), the solenoidal ﬁeld with the self ﬁeld (middle) and
the pure mutual ﬁeld (right).
The protons aﬀected by an additional kick decreases the focusing strength of
the solenoid ﬁeld, caused by the proton-proton repulsion Ip (self ﬁelds) along
the solenoid axis, which is shown in the middle ﬁgure. The focusing strength
of the solenoid ﬁeld is very small for the protons moving close to the axis, thus
domination of the proton self ﬁelds appears.
The eﬀect of the electrons on the protons near the axis, even of the rough
approximation used in the simulation, is found as shown in the right ﬁgure.
In reality, this eﬀect is expected to be larger as found in other studies [40,57].
The inﬂuence of the electrons on the proton distribution was demonstrated
in the xx′ phase space and transverse proton distribution xy, for the energy
spectrum 10± 0.5 MeV , at the solenoid entrance as shown in ﬁgure 5.7.
The protons moving near the solenoid axis get a further focusing due to the
radial force of the electrons moving along the axis compared to the other
protons at larger radii. Thus, a higher concentration (30%) of the protons is
demonstrated at the proﬁle core (right ﬁgure).
Once the outer proton beam reaches the waist after the solenoid the 30% core
will be over focused as shown in ﬁgure 5.8. The protons within the energy of
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Figure 5.7: The inﬂuenced proton distribution by the electrons in the xx′ phase
space (left) and transverse proton distribution xy (right), for the energy spec-
trum 10± 0.5 MeV , at the solenoid entrance (Courtesy of A. Almomani [40]).
interest 10± 0.5 MeV , in this ﬁgure, are marked green.
Figure 5.8: The proton beam waist after the solenoid. The protons within
the energy of interest 10± 0.5 MeV are green marked (Courtesy of A. Almo-
mani [40]).
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5.4 De-neutralization in magnetic quadrupole
The present section deals with the de-neutralization through the permanent
magnetic quadrupole PMQ. The schematic diagram for the laser target, an
aperture as a divergence ﬁlter tool and the dimensions of the dedicated quadrupole
in the simulation with their experimental results of the quadrupole gradients
along the z axis are shown in ﬁgure 5.9. The aperture radius (R = 1.1 mm)
adjusted to prevent the protons hit the inner surface of the quadrupole magnet.
Figure 5.9: A schematic diagram for laser target, aperture and the dimensions
of the dedicated PMQ (left), and the experimental results of ﬁeld gradients
along z axis for the used quadrupole (right).
The quadrupole is upright standing, with the symmetry xz and yz planes,
which ensure a horizontal line focus (a vertical focusing direction) for the
protons.
5.4.1 Electrons’ trajectories in the PMQ fringe ﬁeld
While electrons cross the quadrupole fringe ﬁeld, they deviate gradually due
to the resulting perpendicular magnetic force on both of its directions and
magnetic ﬁeld lines. Three diﬀerent cases of the electron motion could be
observed in the quadrupole fringe ﬁeld, which depend on the initial divergence.
The electrons with zero initial divergence and moving on the axis pass through
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the quadrupole, because the ﬁeld is zero on the axis. The electrons with
small initial divergences (≤ 0.1 rad) will pass deeply until they reach a given
point with high enough magnetic ﬁeld values ro turn them through circular
paths, which produce a focusing in the x-direction and de-focusing in the y-
direction. Through the ﬁrst half cycle of the electron path, in the yz plane,
the magnetic ﬁeld increases linearly with distance from the quadrupole axis,
which decreases the gyro-radius gradually. In the second half cycle (return
cycle), the electrons move with larger gyro-radius through a lower ﬁeld region
that decreases linearly toward the quadrupole axis, which is not able to bring
it back to its initial position and leads ﬁnally to cross the median plane of the
quadrupole symmetry to a new region with an opposite ﬁeld. This process is
repeated until the electron cross the median plane almost normally (vz << 1),
and stuck in a spiral rotation around the magnetic lines toward the quadrupole
poles.
The geometrical paths of the electrons with large divergences are far from
the quadrupole axis, so they pass through larger ﬁeld values and are reﬂected
early. Figure 5.10 shows an example of the expected trajectories of the three
diﬀerent cases represented by the trajectories of four electrons with the same
initial energy and diﬀerent divergences.
5.4.2 Simulation of the electron beam distribution in
the PMQ fringe ﬁeld
The quadrupole ﬁeld is not an azimuthal symmetric in the xy plane, as in
the solenoid case, which increases the needed degrees of freedom to describe
the quadrupole ﬁeld map into a mesh. This enlarges the size of the needed
ﬁeld map ﬁles for the simulation, which are not compatible with the available
computers ability. To overcome this problem a single ﬁeld map in the xy plane
is generated and the length of the quadrupole ﬁeld region (0.18 m) is supposed
to be an accumulation of the ﬁeld map planes. Every ﬁeld map plane could
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Figure 5.10: The trajectories of four electrons in xz plane (left) and in yz plane
(right) with the same initial energy E = 0.0054MeV and diﬀerent divergences:
0 mrad (red), 50 mrad (magenta), 100 mrad (blue) and 300 mrad (green).
be factored individually within the TraceWin code to change its strength and
produce the fringe ﬁeld eﬀect along the z axis. The chosen initial cartesian
mesh has the dimensions ∆x = 10 µm, ∆y = 10 µm and ∆z (distance between
ﬁeld map planes) = 10 µm.
Figure 5.11 shows the horizontal and vertical densities along the z axis, for
the electron exponential distribution tracking through the PMQ fringe ﬁeld
up to the PMQ entrance. The electrons are focused horizontally (left ﬁgure)
and de-focused vertically (right ﬁgure), in the quadrupole fringe ﬁeld in front
of the quadrupole, due to their low momentums.
The complete trajectories toward the quadrupole poles are not shown in the
right ﬁgure because the TraceWin code only presents the particles with pos-
itive velocities (in the forward directions). Through every single trajectory,
the electron ﬁnally deviates and rotates around the magnetic lines, which are
perpendicular to the yz plane, at the expense of the longitudinal velocity vz
until it reaches a point with zero vz, which is excluded by the TraceWin code.
After a large loss of the electrons (95%) at the aperture, which prevents the
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Figure 5.11: The horizontal (left) and vertical (right) densities along the z axis,
for electron exponential distribution tracking through the PMQ fringe ﬁeld up
to the PMQ entrance.
electrons with divergence larger than 56 mrad to pass, no loss is recorded until
the position 0.058 m. At this point, the electrons with the larger divergences
and lower energies start to fall in spiral rotations around the magnetic lines
toward the quadrupole poles until the fringe ﬁeld ﬁlters the electrons gradually,
see ﬁgure 5.12.
Figure 5.12: The electron loss along the z axis in the quadrupole fringe ﬁeld.
To understand the focusing and de-focusing actions of the PMQ on the elec-
trons, the tracking of the right and top half-spaces of the electron distributions
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Figure 5.13: The electrons’ right half-space (left) and top half-space (left).
is studied. The right and top electrons’ half-spaces are shown in ﬁgure 5.13.
Figure 5.14: The horizontal density along the z axis (left) and the projection
of the electron conﬁguration space on xy plane at 0.070 m (right).
Figure 5.14 shows the focusing action of the PMQ ﬁeld on the electrons within
the right half-space in the horizontal density along the z axis, where the elec-
trons ﬁnally cross the median plane to the left side, and the projection of the
electrons’ conﬁguration space on the xy plane at 0.07 m after crossing the
median plane.
The vertical density along the z axis shows the de-focusing action of the PMQ
on the electrons’ top half-space, see ﬁgure 5.15. The major part of the electrons
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are de-focused toward the positive y-axis while few electrons on the axis with
very small negative vertical divergences are not excluded by the aperture and
de-focused toward the negative y-axis.
Figure 5.15: The vertical density along the z axis (left) and the projection of
the electron conﬁguration space on xy plane at 0.065 m (right).
Chapter6
Experimental Results
At the GSI Helmholtzzentrum fu¨r Schwerionenforschung the unique laser sys-
tem PHELIX (Petawatt High-Energy Laser for Heavy Ion eXperiments) is
located, which can provide a focused intensity up to 1019 W/cm2 and is used
for the laser proton acceleration. In this work, the experiments of the laser
proton acceleration were performed in two experimental areas at GSI: the Z6
area and PHELIX Laser Hall (PLH).
Before going through the investigation of the experimental results, we will start
by an overview about the laser parameters used at PHELIX with the chirped
pulse ampliﬁcation technique (CPA), and the Radiochromic ﬁlm (RCF) as a
spatial energy resolver ﬁlms detector.
6.1 PHELIX laser system
The short pulse PHELIX laser system at GSI Helmholtzzentrum fu¨r Schweri-
onenforschung in Darmstadt (see ﬁgure 6.1) is the largest high intensity high
energy laser system in Germany. It can provide a high energy, up to 1 kJ , with
a high performance, reaches to hundreds of TW , which is used in the research
ﬁelds of the high energy density in plasma.
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Figure 6.1: Schematic for the PHELIX laser facility and experimental areas:
Z6 area and PHELIX Laser Hall (PLH).
The construction scheme of PHELIX facility is shown in ﬁgure 6.2, where
the experimental areas, the PHELIX Laser Hall (PLH) and Z6 area, of the
experiments presented in this thesis are shown in the marked green line boxes.
In PHELIX, a ﬂash-lamp-pumped Nd:glass laser system is used to generate
laser pulses with high peak powers. In the long pulse mode, PHELIX can
deliver a 1 kJ laser energy in nanoseconds pulse duration (up to 1.4 TW peak
power) while it also can deliver a 240 J laser energy in hundreds of femtosecond
pulse duration (up to 240 TW peak power). In the present experiments, the
ultrahigh intensity required for the laser proton acceleration is produced in the
short pulse mode. The properties of the PHELIX laser modes are summarized
in table 6.1.
The method used to amplify the ultrashort laser pulse in the highest power
lasers, as in PHELIX, to more than 100 TW is called the Chirped Pulse Am-
pliﬁcation (CPA), which was invented by D. Strickland and G. Mourou, in
1985 [81].
In the CPA at PHELIX, the femtosecond front-end laser oscillator generates
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Figure 6.2: Schematic of PHELIX laser system. The experimental areas, PHE-
LIX Laser Hall (PLH) and Z6 area, of experiments presented in this thesis are
shown as marked green line boxes (Courtesy of V. Bagnoud).
Table 6.1: The operational parameters of the PHELIX laser system for short
and long pulse modes [80].
Long pulse Short pulse
Pulse duration 0.7− 20 ns 0.4− 20 ps
Energy 0.3− 1 kJ 240 J
Maximum intensity 1016 W/cm2 1019 W/cm2
Repetition rate at maximum power 1 shot every 90 min 1 shot every 90 min
Intensity contrast 50 dB 100 dB
a 100 fs laser pulse around 4 nJ energy with a 76 MHz repetition rate. The
generated laser pulse is stretched out by a pulse stretcher to 2.3 ns (FWHM).
After the stretching, the laser pulse energy is ampliﬁed in three stages. It is
ampliﬁed to 30 mJ by two titanium doped sapphire regenerative ampliﬁers
of 10 Hz repetition rate. Then, the ampliﬁed pulse is injected through pre-
ampliﬁer of several glass based ampliﬁers, gets a further ampliﬁcation and exits
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with a 3 J energy. Ultimately, the pre-ampliﬁed laser pulse passes through the
main ampliﬁer and gains a major part of the energy resulting with an energy
up to 240 J .
The ampliﬁcation process is followed by a compressor with 80% eﬃciency,
produces a re-compressed pulse duration < 1 ps, with an energy around 190 J
on the target. The repetition rate of the laser pulse, at PHELIX, is one shot
every 90 min, which is the needed cooling time for the main ampliﬁer.
In the target chamber, the laser pulse is focused on a target with thicknesses
range from few to tens of µm. The laser spot is focused by a copper parabola
and its size reaches a few µm scales.
The resulted laser accelerated protons from the target rear side can be de-
tected in diﬀerent methods. The most common methods are the Magnetic
Spectrometer [35,82], the Thomson Parabola [24,37,38,83,84], CR-39 [85] and
Radiochromic ﬁlms (RCF) [9], which is used in this study. The Radiochromic
ﬁlms (RCF) are widely used and can be dedicated as a spatial energy resolver,
to reconstruct the laser accelerated protons [9].
6.2 Radiochromic ﬁlms as a diagnostic tool
The radiochromic ﬁlms (RCF) are characterized by the high spatial resolution,
the sensitivity to the ionizing radiation of the accelerated protons (and other
types of radiation) and the insensitivity to the visible light and their direct col-
oration due to the radiation exposure, thus do not require a particular chemical
processing [86]. These advantages made the RCF stacks more common and
suitable for the spatial energy reconstruction of the laser accelerated proton
beams [9].
The MD-55, EBT3, HD-810 and HD-V2 of the RCF types are widely used in
the laser accelerated protons diagnostic [87]. The schematic conﬁguration and
thickness of the diﬀerent layers, as well as a table of the chemical composition
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with the densities, are shown in ﬁgure 6.3.
Figure 6.3: The schematic conﬁguration, thicknesses, and the table of chemical
compositions and densities of the diﬀerent RCF types (MD-55, EBT3, HD-810
and HD-V2) [29].
The exposure of the RCF ﬁlms to an ionizing radiation changes their trans-
parency to the blue color. The darkness of the blue increases with the exposure
dose [88].
The irradiated RCF ﬁlms by the laser accelerated protons at PHELIX are
scanned by the transmission ﬁlm scanner Microtek ArtixScan 1800f of the
same accuracy as microdensitometers, which had been used by Hey et al. to
calibrate the RCF ﬁlms exposed to proton beams [87]. The RCF ﬁlms are
scanned with the colored scale for the experiments in the Z6 area and PLH.
The optical density in the sensitive layer of diﬀerent RCF types is converted
to pixels after the scanning. Then, a particular Matlab program (RCF Spec-
trum GUI) is used that digitizes the pixels. For more details please refer to
subsection 3.3.4. During the digitizing of the RCF ﬁlm: the colors red, green
and blue (RGB) in every pixel are counted and converted to dose values. Fi-
nally, the resulted color values are calibrated with the total deposited energy
Edep of the protons in every RCF ﬁlm. The deposited energy Edep through the
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where N is the protons’ number (N = Beam charge (Q)/Proton charge (e)),
A is the beam area and ESRIM is the diﬀerential energy loss of a single proton
in the active layer, which is determined by the SRIM code.
The energy dose D is more common in use instead of the deposited energy,





whereM is the unit mass in kg. The calibration curves for the RCF ﬁlms: HD-
810, MD-55, EBT3 and MD-V2 are shown in ﬁgure 6.4. The RCF ﬁlms were
calibrated at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) by Schreiber,
using a 8 MeV proton beam [89]. For additional information, please refer
to [33,89].
6.3 Experimental results
In this section, some of the irradiated RCF ﬁlms from the two diﬀerent ex-
periments performed at GSI are analyzed. The ﬁrst experiment was for the
transporting, the focusing and energy selection of protons by a pulsed mag-
netic solenoid, which was held at the Z6 target area in January 2013. The
second experiment was performed to study the de-neutralization of the laser
accelerated protons by a secondary foil target, as a stripping foil of the elec-
trons from the neutralized beam, and using a permanent magnetic quadrupole
(PMQ) as a focusing magnetic element, which was held at the PHELIX Laser
Hall in June 2013.
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Figure 6.4: The calibration curves of colore values versus energy dose (D)
for MD-55 (a), HD-810 (b), EBT3 (c) and MD-V2 (d) (Courtesy of A.
Schreiber [89]).
6.3.1 The experiment at the Z6 target area
In this experiment, the provided laser energy was up to 50 J within 650 fs
pulse duration. About 20% of the provided laser energy reaches a gold target
front side of 5−10 µm thickness, due to the heating in the optical components
and the compressor eﬃciency.
The laser spot size focused by a parabola at the target front side was 3.5 ×
3.5 µm2 (FWHM). The resulting intensities at the laser spot exceeded 1019 W/cm2,
see ﬁgure 6.5.
To reconstruct the proton beam energy spectrum a distinctive shot of maxi-
mum energy 28.4 MeV in the experiment had been chosen. Figure 6.6 shows
the proton beam proﬁle of the irradiated RCF ﬁlms, which were mounted at
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Figure 6.5: The intensity distribution of laser focal spot focused by parabola at
target front side. The laser spot size in full width of half maximum (FWHM)
as shown in vertical and horizontal dimensions is 3.5× 3.5 µm2.
40 mm behind the laser target, with their Bragg peak values on the left corre-
sponding to the proton beam proﬁles from top left to down right respectively.
The RCF ﬁlms are separated by copper layers with diﬀerent thicknesses to
spread out the range of the detectable energies, where each layer of the RCF
ﬁlms absorbs a certain proton energy in the Bragg peak, see ﬁgure 6.7. The
ﬁrst layer was an aluminium layer to protect the sensitive RCF ﬁlms from the
unwanted radiations (like x-ray).
The RCF ﬁlms, in the case under study, stand perpendicular to the axis at
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Figure 6.6: The proton beam proﬁle of the irradiated RCF ﬁlms of the cho-
sen shot, with their proton energies Bragg peak values on left corresponds to
proton beam proﬁles from top left to down right respectively; bottom: stack
conﬁguration.
40 mm from the target and proﬁle size on each RCF ﬁlm could be measured.
Thus, the envelope divergence angle of the laser accelerated proton beam can
be determined as shown in ﬁgure 6.8.
The envelope divergence is nearly constant for the protons within low energy
range up to ∼ 9MeV , where it decreases parabolically with increasing energy.
This behavior was compatible with the earlier PHELIX experiments [9,33,43].
During the penetration through RCF ﬁlms, the protons deposit part of their
kinetic energy in every layer until it is deposited totally as Bragg peak in
a certain ﬁlm. The deposited energy in ﬁlm depends on the proton energy.
Hence, the deposited energy in every RCF ﬁlms is a convolution of the proton
beam spectrum with the response function of the RCF ﬁlm (Eloss), which had
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Figure 6.7: The energy loss of protons in HD-810 for three diﬀerent initial
energies (0.025MeV ,1.50MeV and 0.025MeV ). The marked areas represent
the diﬀerent RCF layers.
Figure 6.8: Dependence of initial opening angle on proton energy.





′) dE ′ (6.3)
The proton beam spectrum dN/dE is assumed to follow an exponential be-
havior because many publications have shown this behavior. Then, the real
proton beam spectrum dN/dE is determined inversely from the de-convolution
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Figure 6.9: Energy deposition in active layers of the RCF stack.
of the irradiated layer by the response function. A ﬁt to the measured data









The deposited energy in the RCF ﬁlms from the proton beam spectrum of the
studied shot is shown in ﬁgure 6.10.
Figure 6.10: The measured deposited energy in the RCF stack.
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In the equation 6.4, the total number of protons N0 and the mean energy
kBT could be measured by assuming some initial values and calculating the
expected deposited energy in the RCF ﬁlms with respect to equation 6.3.
Finally, the proton beam spectrum dN/dE is de-convoluted inversely from the
deposited energy curve as shown in ﬁgure 6.11 with the ﬁtted parameters.
Figure 6.11: Dependence of the diﬀerential proton yield on the proton energy.
The use of a second aperture as energy ﬁlter tool at the solenoid focal spot was
not the case in this experiment, due to the diﬃculties in the alignment and
limited shots. Instead of the second aperture the employed Matlab programs
in the analysis of the RCF ﬁlms, which were mounted at the solenoid focus,
could be used to suppose an assumed aperture in front of the RCF stack,
where every RCF ﬁlm could be truncated in Matlab with the same size of the
assumed aperture.
The RCF stack at the solenoid focus of one of the shots was chosen to study
the energy spectrum of the energy ﬁltered beam by an assumed 5 mm aperture
in front of the RCF stack at the solenoid focal spot.
In ﬁgure 6.12, the ﬁrst eight RCF ﬁlms at the solenoid focus with their Bragg
peak energies are shown in the left ﬁgure while the right ﬁgure shows the ﬁtted
energy spectrum at the assumed aperture.
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Figure 6.12: The ﬁrst eight RCF ﬁlms at the solenoid focus with their Bragg
peak energies (left) and the energy spectrum after the assumed energy ﬁlter
aperture of 5 mm radius (right).
6.3.2 The experiment at the PHELIX Laser Hall PLH
In this experiment, the provided laser energy, in average, was 60 J , within
650 fs pulse duration. A gold target with thicknesses 5 µm and 10 µm was
used. The laser intensities were 1019 W/cm2 despite the laser was focussed
to a diﬀerent than Gaussian geometry on the target front side by parabola,
where its spot size was around 15 × 15 µm2 (FWHM). A permanent magnet
quadrupole (PMQ) was used to focus in the x-plane.
The transverse expansion of the laser protons due to charge de-neutralization
by the stripping Cu foil, which ﬁlters the co-moving electrons, or by the ﬁltering
eﬀect of the PMQ fringe ﬁeld on the co-moving electrons was investigated. For
more details, please refer to chapter 5.
The use of a Cu foil causes an energy loss and angular straggling for the
transmitted proton beam. In ATIMA code, the energy loss of a collimated
proton beam, with reference energy 10 MeV penetrating through 1 µm Cu
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foil thickness is ≈ 0.03 MeV and the angular straggling is ≈ 6 mrad. The
energy loss is ignored, because of the wide energy spread, also it is much
smaller than the response energy detected by a single RCF ﬁlm (< 300keV ).
The straggling eﬀect on the beam transverse expansion is under study.
The transverse expansion for the neutralized laser protons as well as a de-
neutralized one is investigated by comparing it in free space and at a PMQ
line focus in one plane. Two shots with the same experimental setup were
dedicated to studying the transverse expansion in free space. A pinhole with
diameter 0.5 mm was placed at 11 mm behind the laser target, and the RCF
ﬁlms stand at 80 mm, see ﬁgure 6.13. The ﬁrst shot was for neutralized
protons, while the second one for de-neutralized protons with a Cu stripping
foil behind the pinhole at 11 mm from the laser target.
Figure 6.13: Schematic for the ballistic tracking of neutralized (left) and de-
neutralized (right) by 1 µm Cu foil at 11 mm behind the pinhole.
Figure 6.14 shows the proton beam proﬁles at the RCF stack for the mentioned
shots, with Bragg peak values on each ﬁlm and stack conﬁguration.
The left RCF stack is for the neutralized shot, while the right one is for the
de-neutralized one by 1 µm Cu foil thickness. In the left ﬁgure, a background
signal is observed in the ﬁrst RCF ﬁlm, which is an artifact and can’t be
explained. The proton beam proﬁles at the RCF stack of the neutralized
protons are sharp due to their ballistic trajectories. An additional halo around
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Figure 6.14: The proton beam proﬁles at RCF stacks for neutralized proton
beam (left) and de-neutralized one by 1 µm Cu foil thickness (right), with
Bragg peak values on each ﬁlm.
the proton beam proﬁles at the RCF stack for the de-neutralized protons (right
ﬁgure) is observed. To quantify the transverse expansion for every energy value
(every RCF ﬁlm) the dependence of the fringe width of each single round
spot on proton energy is studied. The fringe width (FW ) is deﬁned as the
broadening of 90% of the intensity in proﬁle tail as explained in ﬁgure 6.15,
where 90% of the intensity is taken to remove the expected error from the
jitter.
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Figure 6.15: The fringe width (FW ) of the intensity proﬁle tail.
The fringe width is given by
FW = 2×∆ (6.5)
where ∆ is the width at the half maximum intensity. Note that the full proﬁle
tail is not taken to avoid the noise level.
The proton beam proﬁles at the RCF ﬁlms are studied by the ImageJ program.
The proﬁle intensities in the ﬁrst two RCF ﬁlms of Bragg peak values 4.5MeV
and 8.1 MeV in both shots (with and without Cu stripping foil) are shown
in ﬁgure 6.16, where the broadening in the fringe width caused by the space
charge eﬀect and angular straggling is noticed.
The fringe widths for the studied RCF stacks and simulated one without and
with Cu foil (by the SRIM and TraceWin codes), where the space charge eﬀect
is ignored in the simulation, are shown in ﬁgure 6.17.
The diﬀerence in the fringe width between the neutralized and de-neutralized
protons gives the angular straggling and space charge eﬀects in the transverse
expansion. The simulated protons through the Cu foil with ignoring the space
charge gives only the broadening in the fringe width due to the angular strag-
gling, while the ballistic tracking without the Cu foil gives sharp spots (zero
fringe widths). The eﬀect of the space charge on the broadening could be
measured by the subtraction of the broadening in the simulated one through
the Cu foil from that in the experiment with the Cu foil.
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Figure 6.16: The proﬁle intensities in the ﬁrst two RCF ﬁlms of Bragg peak
values 4.5 MeV (left) and 8.1 MeV (right) for both shots. The peak intensity
of beam proﬁle for shot without Cu stripping foil is marked in green line while
the other one in red.
Figure 6.17: The fringe width of the studied RCF stacks for neutralized (green),
de-neutralized (red), simulated with (cyan) and without (yellow) Cu stripping
foil.
A further growth in the FW in the lower proton energies due to the scatter-
ing at the Cu foil and aperture edge, where the scattering angle is inversely
proportional to the particle momentum (as in Rutherford scattering). The
ATIMA code is used to study the scattering at the aperture edge for diﬀerent
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proton energies and scattering paths (D).
Figure 6.18: (a) Schematic diagram shows the scattering at aperture edge,
the scattering path (D) and the scattering angle R′sc. (b) The proton energy
dependence on the scattering angle for diﬀerent scattering paths.
As mentioned before, the energy spectrum can be found by the de-convolution
from the energy deposition in the whole RCF stack. Figure 6.19 shows the
ﬁtted energy spectrums for both studied shots, where the left ﬁgure is for the
neutralized protons and the right one for the de-neutralized protons by the Cu
foil.
Figure 6.19: The energy spectrums for the neutralized (left) and de-neutralized
(right) protons in the ballistic tracking.
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The transverse expansion at the PMQ focal spot is investigated in one dedi-
cated shot with a left half space Cu foil of 5µm thickness, which de-neutralizes
the proton beam in the left half-space while the right half-space is neutralized.
Thereafter, the right half-space is de-neutralized gradually in the PMQ fringe
ﬁeld. For more details, please refer to chapter 5.
In this shot, a pinhole with 2 mm diameter is placed at 20 mm, the left half
space Cu stripping foil stands at 25 mm, and the RCF stack stands at 380 mm
from the laser target behind the PMQ, see ﬁgure 6.20.
Figure 6.20: Schematic for the PMQ focusing action in the horizontal (left)
and vertical (right) dimensions with a 5 µm thick right half-space of Cu foil
(yellow colored).
The beam proﬁles at the RCF ﬁlms with the energy values for each ﬁlm and
the RCF stack conﬁguration are shown in ﬁgure 6.21.
The dependence of the FWHM in the vertical beam proﬁle on the proton
energy for the de-neutralized protons by the Cu foil (left half-space), the de-
neutralized protons by the PMQ fringe ﬁeld (right half-space), simulated pro-
tons for the both half-spaces and simulated one for neutralized protons along
the beam tracking (ignored space charge) are shown in ﬁgure 6.22.
The net currents of the left and right half-spaces used in the simulations,
depending on the simulation results in chapter 5, are represented in ﬁgure 6.23.
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Figure 6.21: The proton beam proﬁles at RCF stack for de-neutralized proton
beam by left half space Cu foil (5µm thickness) (left) and de-neutralized one
by PMQ fringing ﬁeld (right), with proton energies Bragg peak values on each
ﬁlm and stack conﬁguration.
Figure 6.22: The measured FWHM of vertical beam proﬁle with proton energy
for de-neutralized proton beam by the PMQ fringe ﬁeld and Cu foil (left), and
simulated one with an additional case for a neutralized proton beam (right).
The FWHM in the vertical beam proﬁles of the focused energies in the ex-
perimental results are compatible with the simulation. The focused energy at
the RCF stack position, in the experimental and simulation results, is around
8.8 MeV . The full space charge at the Cu stripping foil produces a further
expansion in the FWHM of the focal line for the focused energies as shown in
ﬁgure 6.22.
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Figure 6.23: The currents’ growths of the de-neutralized protons by the PMQ
fringe ﬁeld (blue) and de-neutralized protons by the half-space Cu foil (green).
Incompatibilities in the last three points between the right and left ﬁgures are
caused by using a diﬀerent RCF ﬁlm type (EBT3) with a thicker active layer,
which increases the spread of the response energy detected in the active layer
and produces a further broadening in the FWHM in the vertical beam proﬁle
of the focused energies.
As mentioned before, the use of a second aperture as an energy ﬁlter tool at the
RCF stack position was not practical in the experiment due to the diﬃculties in
the alignment and limited shots. Instead of the second aperture the employed
Matlab programs in the analysis of the RCF ﬁlms could be used to suppose
an assumed aperture in front of the RCF stack, where every RCF ﬁlm can be
truncated in the Matlab with the same size of an assumed aperture. A slit
aperture assumed in front of the RCF stack with four slit diameters (0.5, 1.0,
1.5 and 2.0 mm) along the line focus, parallel and centered to the line focus.
The assumed slit aperture is essential to study the energy spectrum of the
energy ﬁltered line focus. Moreover, the expected diﬀerence of the energy
spectrum between the de-neutralized protons by the Cu foil and the PMQ
fringing ﬁeld is investigated.
Two diﬀerent shots (with and without Cu stripping foil) are employed to study
the energy ﬁltering by the assumed slit aperture. Six chosen ﬁlms from both
shots are shown in ﬁgure 6.24. The left ﬁgure represents the shot without Cu
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foil, and the right one with a full space 1 µm Cu foil thickness placed at 25 mm
after the 1 mm pinhole diameter.
Figure 6.24: Six chosen RCF ﬁlms for de-neutralized shot by PMQ fringing
ﬁeld (left) and de-neutralized one by Cu foil (right), with proton energies Bragg
peak values on each ﬁlm and stack conﬁguration.
Figure 6.25 shows the experimental result of the energy ﬁltered spectrum at the
PMQ focal line by the assumed 1.0mm slit diameter for both shots represented
in ﬁgure 6.24. The plotted curves are smooth because of the ﬁtting process.
The simulation results show that the de-neutralization is expected to occur
in the PMQ fringe ﬁeld due to the gradually ﬁltering of the electrons in this
region (see chapter 5). The intensity of the proton beam de-neutralized by
the Cu stripping foil at the PMQ focal line (right ﬁgure) is less than that
without the Cu stripping foil (left ﬁgure). The stripping of electrons at the Cu
foil produces a sudden de-neutralization and angular straggling of the protons,
which cause a large expansion with low intensity in the vertical proton beam
proﬁle at the PMQ focal line compared with that ﬁltered gradually in the
PMQ fringing ﬁeld.
The energy spread dE/E dependence on the slit diameter is studied experi-
mentally and numerically. Both, experiment and simulation show proportion-
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Figure 6.25: Experimental result of the energy ﬁltered spectrum at the PMQ
focal line by the assumed 1.0 mm slit diameter without (left) and with (right)
Cu stripping foil.
Figure 6.26: The measured energy spectrum at PMQ focal line for four slit
diameters (0.5, 1.0, 1.5 and 2.0 mm) without Cu stripping foil (left), and the
energy spread versus the slit diameter (right).
ality of dE/E and slit width for not too small slit width (probably because
of the geometric aberration), see ﬁgure 6.26. Therefore, this demonstrates the
eﬀectiveness of the use of an aperture as an energy ﬁltering tool.
The ﬁtted lines for the experimental results and the simulated one in the ﬁeld
map not merge into the origin, because of the geometrical aberrations with




The laser accelerated protons are characterized by many intrinsic properties.
Mainly, the high achieved energy ranges and protons yield per bunch qualify
them for diﬀerent prospective applications. As a consequence of the utilization
of laser accelerated protons in these applications, corrections are needed to
optimize the proton beam as a later beam source, in addition to understanding
the de-neutralization problem with space charge and beam dynamics in the
fringe ﬁeld of the magnetic lenses.
This dissertation has investigated suggested optimizations for the proton beam,
gave a descriptive simulation study for the de-neutralization problem in TNSA
through the fringing ﬁelds of a pulsed magnetic solenoid and permanent mag-
netic quadrupole PMQ, along with two experiments, which are carried out at
GSI - Helmholtzzentrum fu¨r Schwerionenforschung to validate our simulation
results.
7.1 Findings and their signiﬁcance
This dissertation provides several ﬁndings in the laser accelerated protons re-
lated to the eﬀects of aberrations on the solenoid focal spot, suggested opti-
105
106 7.1. FINDINGS AND THEIR SIGNIFICANCE
mizations for the laser generated protons and an approximated study to the
de-neutralization problem in TNSA.
This study has shown that the chromatic aberration could be reduced by re-
ducing the target solenoid distance, and the geometrical aberration is aﬀected
by the chromatic aberration, so they are correlated and not additive.
One of the signiﬁcant ﬁndings is the role of an aperture as an energy ﬁlter-
ing tool at the magnetic lens focal length. Thus, the energy is controlled by
the ﬁltering property of a ﬁnite aperture radius in combination with the chro-
matic eﬀect of the solenoid. Furthermore, the geometrical aberrations produce
a transverse expansion in the focal spot that limits the intensity of the trans-
mitted protons through the aperture.
It was also shown that the radial-energy correlation of the beam proﬁle for
focused energy at an aperture, due to the chromatic aberration, is de-correlated
and smoothed by using a scattering foil tool in the way of the beam between the
solenoid and its focal point. This study has shown that the foil thickness that
implies a direct relation with the energy straggling has to be chosen carefully.
Furthermore, it has shown that the foil position plays an important role in
the beam quality. Thus, the most preferable position is given by the balance
between transmission through the aperture with a satisfactory smoothing.
Another suggested optimization investigated in this dissertation relates the
beam radius at the solenoid focal spot to the lens geometry. The results
shows that the geometrical aberration is inversely proportional to the ratio
of solenoid length to radius. For longer solenoids, the solenoid magnetic ﬁeld
becomes more uniform within the solenoid core and less bent at the solenoids’
edges. The eﬀect of inhomogeneity of the solenoid fringe ﬁeld (the geometrical
aberrations), at constant magnetic ﬁeld, is lower for longer solenoids, compared
with the solenoid core eﬀect (the focusing action), which is larger. Hence, that
is the reason why geometrical aberrations decrease with length.
The de-neutralization problem of TNSA distribution in the fringing ﬁeld of
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the pulsed magnetic solenoid and PMQ, has been investigated roughly. In
this simulation, an electrostatic model is followed for the tracking through the
pulsed magnetic solenoid and PMQ.
Even of the rough approximations were used in the solenoid simulation case,
a small eﬀect of electrons on protons near the axis is found, which is found to
be larger than found in other studies. In the PMQ case, it has shown that the
PMQ fringe ﬁeld work as a ﬁltering tool for electrons where they fall in spiral
rotations around magnetic lines toward quadrupole poles.
In the scope of this work, the results of two experiments performed in the
experimental areas Z6 and PHELIX Laser Hall (PLH) at GSI, are presented.
The experiments aimed to produce high energy range of protons, focus pro-
tons beam by focusing magnetic lenses, and explore the physics of the de-
neutralization in the PMQ fringing ﬁeld with and without stripping foil. In
these experiments, the Radiochromic ﬁlms (RCF) as spatial energy resolver
ﬁlms detector are used.
The analysis of the experimental results has shown high resulted energy spec-
trum of laser accelerated protons reaching 28.4MeV , and the energy spectrum
of the energy ﬁltered proton beam by the assumed apertures at the solenoid
focus and PMQ line focus has been measured.
In the de-neutralization analysis, the stripping of electrons and the angular
straggling at the Cu foil produce a further broadening in the beam proﬁle for
the ballistic tracking (without the use of the magnetic lens). Furthermore,
they produce a larger transverse expansion at the PMQ focal line compared
to that de-neutralized by the PMQ fringe ﬁeld.
The ﬁndings of this work emphasize the role of an aperture as energy ﬁltering
tool and the possibility of use a scattering foil to de-correlate the radius-energy
correlation in the beam proﬁle. Furthermore, these ﬁndings enhance our under-
standing of the eﬀects of the de-neutralization problem on the beam tracking
that gives contribute in the controlling of the laser generated protons through
108 7.2. RECOMMENDATIONS FOR FUTURE WORK
the magnetic lenses.
7.2 Recommendations for future work
Future experiments investigating the de-correlation of the radius-energy cor-
relation of the beam proﬁle by a scattering foil with an aperture as an energy
ﬁltering tool and the de-neutralization in the solenoid ﬁeld, with and without
Cu stripping foil, would be relevant to compare with the simulation results.
A future study could assess the de-neutralization problem of the laser accel-
erated protons by using a diﬀerent tracking code for simultaneous tracking of
protons and electrons.
Further optimizations are needed on the laser parameters to access higher
proton energies, get smaller divergence and narrow the energy width. In the
quasi-neutral distribution resulting from the laser target interaction, the co-
moving electrons mediate the proton acceleration by the laser pulse. Thus, in
order to access higher proton energies, the hot electron temperature can be
increased by increasing the laser intensity [5].
The cone-shaped targets could be used, as another option, to increase the hot
electron temperature, where the pre-plasma would be conﬁned in the cone
bottom. The pre-plasma conﬁnement enhances the laser energy conversion
eﬃciency to the hot electron temperature [5]. The top of the cone could be
covered by a Gaussian shape foil reducing the resulting protons divergences [90,
91].
Furthermore, the circularly polarized laser light instead of the linearly po-
larized one, to access higher proton energies with low divergences and non-
exponential energy spectrum shape, is theoretically proved [92,93].
The use of the laser accelerated protons as a later beam source requires high
repetition rates to replace other ion sources. The low repetition rate is mainly
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due to the time needed for the cooling of ampliﬁers. The repetition rate at
maximum power in PHELIX is 1 shot every 90 min. Higher repetition rates
are realized in recent laser systems. The new laser system PW-laser POLARIS





A.1 The approximated electrostatic model used
in the solenoid simulation case
In the following simulations, the solenoid ﬁeld was adjusted to 7.5 T level,
which creates a focal distance of the 10 MeV protons at 1 m away from the
laser target.
The tracking of two diﬀerent beams, concurrently, with their mutual ﬁelds
is not possible in the TraceWin code. Thus, an approximate zigzag model
is followed to understand the growth of the space charge with its eﬀect on
the proton beam through the solenoid ﬁeld region. This model is called an
electrostatic model.
In the electrostatic model, the evolution of the mutual and self ﬁelds can be
found for every energy bin after the individual tracking of the proton and
electron beams in the solenoidal ﬁeld.
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A.1.1 The chosen bunches
Because of the broad energy spread both protons and electrons are not located
in the solenoid ﬁeld region at a given position at the same time. Thus, during
the particle motion, the particle is not aﬀected by all particle distribution, but
it is aﬀected by the particles with closer velocities.
Therefore, chosen bunches, of the electrons and protons, move together with
the same central velocity and small energy spread are studied. For the proton
beam case, the energy spread for the chosen bunch was ±0.5 MeV around the
central energy 10 MeV while it was within ± 0.27 keV energy spread around
the central energy 5.4 keV for electron beam.
The chosen bunches are supposed to be given by symmetrical cylinders. Where
the highest energies are moving at the head of the cylinder and lower one in
the back as shown in ﬁgure A.1.
Figure A.1: (left) The chosen bunch is given by a symmetrical cylinder. (right)
The cylinder length L with time dependance.
The cylinder length L is increasing linearly with the time due to the energy
spread, see right ﬁgure. As well as, its radius R changes with the beam ex-
pansion, as can be observed from the RMS beam radius of the electron and
proton bunches along the longitudinal axis, see ﬁgure A.2.
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Figure A.2: The RMS beam radius of electron and proton bunches expansion.
A.1.2 The self ﬁelds
One of the eﬀects resulting from the de-neutralization is the self ﬁelds, which
aﬀect on a single proton from the regime of the protons within the studied
bunch and the same thing for the electron beam.
The self ﬁelds of the studied bunch can be indicated by the evolution of the
beam current along the z axis, where the particle is aﬀected by a space charge
force acting in three dimensions, which is inversely related to the beam semi-
axis along the longitudinal direction [70]. In the ﬁeld map region, the current
evolution can be called as an externally implemented ﬁle in the TraceWin sim-
ulations. To ﬁnd the evolution of the proton bunch current, at every position
in the ﬁeld region, the protons’ eﬀective charge is deﬁned as the total charge of
the protons with radii larger than the electron beam radius. For the electrons,
the electrons’ eﬀective charge is the result of the subtraction of the protons’
charge located within the electron beam radius from the total electrons’ charge




Here, Qeff is the eﬀective charge and △t is the time of the ﬂight for the proton
(or electron) with the average energy to cross the length of the chosen bunch
at the given position. Therefore, the currents evolution for the proton and
electron beams along the solenoid ﬁeld region are investigated, and the results
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are shown in ﬁgure A.3.
Figure A.3: The current map of proton (left) and electron (right) beams along
the solenoid ﬁeld region.
An extreme growth of the electron and proton currents is observed in the ﬁrst
0.01 m in the fringe ﬁeld, due to the charge separation. The peak current of
the electrons is less than that for protons, because of the ﬁltering caused by the
magnetic mirror eﬀect (as shown in ﬁgure A.4 (right)), which dominates the
current evolution of the electrons after z = 0.05 m. Up to z = 0.1 m, about
97% of the electrons, within the chosen bunch, are lost by the magnetic mirror.
The protons’ current is decreasing after z = 0.05 m because the protons are
focused at 1 m away from the laser target and a large part of them (75%) are
ﬁltered continuously up to z = 0.20 m, by the solenoid and beam pipe borders
(Rpipe = 0.02 m). Thus, the eﬀective charge is reduced, see ﬁgure A.4 (left).
Figure A.4: The losses of proton (left) and electron (right) beams from the
target up to exit of solenoid ﬁeld region for the chosen bunch.
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A.1.3 The mutual ﬁelds
In addition to the self ﬁelds, the particle within a beam is aﬀected from the
opposite charge beam by the radial and longitudinal attractive electrical ﬁelds.
As supposed before, the electrons and protons of the studied energy spreads
are contained within a symmetrical cylinder, as well as they they assumed to
be distributed uniformly inside their cylinders.
Therefore, the proposed radial mutual electric ﬁeld for such charged particle










for r > Rbeam (A.3)
where Q is the total charge of the beam, L is the bunch length, ϵ0 is the
electrical permittivity, Rbeam the radius of the eﬀective beam and r is the
radial position. The electric ﬁeld is changing with the position z, where both
of the beam radius and charge are not constant along the z axis.
Figure A.5 shows the absolute value of the radial electrostatic ﬁeld at two
diﬀerent longitudinal positions with the horizontal axis x from the proton
(left) and electron beams (right).
In ﬁgure A.5, one observes the radial electric ﬁeld of both proton and electron
bunches is decreasing along the z axis, due to the ﬁltering of the protons in the
borders and electrons by the magnetic mirror. Furthermore, the electron beam
radius is decreased from 5 mm, after 10 mm in the ﬁeld region, to 0.2 mm,
after 70 mm in the ﬁeld region while it was constant in the proton case.
The radial mutual electric ﬁelds along the z axis, which originate from the
electron and proton bunches, are explained in ﬁgure A.6, for three diﬀerent
radii (r = 1, 10, 20 mm). The electric ﬁeld originates from the proton bunch
increases with r, as long as r ranges still less than or equal the proton bunch
radius. In the ﬁrst 5 mm, the ﬁeld growth extremely due to the charge sepa-
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Figure A.5: The radial electrostatic ﬁeld at 10mm and 70mm in solenoid ﬁeld
region with the horizontal axis x from the proton (left) and electron beams
(right).
ration, then it exponentially decreases because of the ﬁltering by the borders
(ﬁgure A.6 (a)).
Figure A.6: The radial mutual electric ﬁelds of proton (a) and electron (b)
bunches along the z axis, for three diﬀerent radii (r = 1, 10, 20 mm).
In the electron bunch case, in ﬁgure A.6 (b), the ﬁeld decreases as 1/r, for r
larger than the electron beam radius, see equation A.3. For r = 1 mm case,
the ﬁeld increases linearly along the z axis up to the point z = 0.0065 m, where
the electron beam radius diminished to 1 mm, then it behaves like other radii
and decreases exponentially, because of the magnetic mirror ﬁltering.
The single particle, in the electron and proton beams, is de-accelerated by a
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net longitudinal electric ﬁeld from all the opposite charges. This eﬀect was
excluded from the simulation study beyond the capabilities of the simulation
code was used here. The preliminarily study by diﬀerent authors has indicated
this relatively small eﬀect [40,57,77], also the experimental results obtained in
PHELIX support this assumption.
A.1.4 The induced magnetic ﬁeld
The induced azimuthal magnetic ﬁeld Bθ, in the beam proﬁle, produces an
inﬁnitesimal focusing action on both beams, electron and proton beams, for
the velocities satisfy the ratio vz/c << 1 [75]. In the simulation, the eﬀect
of the induced magnetic force is ignored, where vz/c = 0.146 for the studied
energy window.
The azimuthal induced magnetic ﬁeld by the charged beam is supposed to be








for r > Rbeam (A.5)
where I is the contributed bunch current, Rbeam is the beam radius, and µ0 is
the permeability in the vacuum.
The optimum value of the azimuthal induced magnetic ﬁeld, at given position,
is at the beam border, where the total current (total eﬀective charge) con-
tributes in the generation of the azimuthal magnetic ﬁeld. The growth of the
optimum azimuthal magnetic ﬁeld value, for electron and proton beams, along
the solenoid ﬁeld region, is shown in ﬁgure A.7.
The magnetic ﬁeld growth behaves like the current shape, but the growth in
the case of the electron bunch is larger than the produced one in the proton
bunch case, due to the inversely relation with the beam radius. A further
modest decreasing in the generated azimuthal magnetic ﬁeld of the electron
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Figure A.7: The growth of optimum azimuthal magnetic ﬁeld value, for elec-
tron and proton beams, along the solenoid ﬁeld region.
bunch after z = 0.22m is due to the protons that re-enter the spreaded electron
beam again, and decrease the electrons’ eﬀective charge.
Out of the electron bunch, the induced azimuthal magnetic ﬁeld of the electron
bunch is decreasing with radial distance and resisted by the opposite generated
one of the proton bunch. The net of the azimuthal magnetic ﬁeld along R at
z = 20 mm, in the solenoid ﬁeld region, is shown in ﬁgure A.8.
Figure A.8: The net of azimuthal magnetic ﬁeld along R at 20 mm, in the
solenoid ﬁeld region.
The azimuthal magnetic ﬁeld originates from the electron bunch is indicated
by a negative sign, to present their opposite rotation cycle with respect to that
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generated by the proton bunch.
A.2 The electron bunch tracking through the
solenoid magnetic ﬁeld, self and mutual
ﬁelds
In the electron bunch tracking, through the solenoidal ﬁeld, the self and mutual
ﬁelds work together to compensate the focusing action of the solenoid magnetic
ﬁeld toward the solenoid axis.
The electrons within the bunch are accelerated, de-accelerated and get a fur-
ther divergence, which is supported by the mutual attractive ﬁeld from the
proton bunch. Thus, the possibility for the ﬁltering by the magnetic mirror
increases with the divergence. As shown in ﬁgure A.9, the energy spread of
the electron bunch, in the ﬁrst 10 mm of the solenoid ﬁeld region, is extremely
increased with the growth of the electron current (self ﬁelds), due to the accel-
eration and de-acceleration process. Then, it is increasing smoothly as a result
of the domination of the magnetic mirror ﬁltering on the lower and higher
ranges of the electron bunch energies, which got larger further divergence.
Figure A.9: The growth of the energy spread for the electron bunch along the
z axis.
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The enlargement of the electron beam radius due to the electron-electron re-
pulsion (self ﬁelds) and electron-proton attraction (mutual ﬁeld) is shown in
ﬁgure A.10. A notable enlargement of the beam radius, in the ﬁrst and last
50 mm of the ﬁeld region, is observed. The lowest beam radius in the middle
of ﬁeld region, where the magnetic ﬁeld is uniform, increased from 0.2 mm to
0.5 mm, with the existence of the self and mutual ﬁelds.
Figure A.10: The enlargement of the electron beam radius due to the self and
mutual ﬁelds.
The mutual electric ﬁeld from the electron bunch is also aﬀected and changed,
due to the diﬀerence of the beam radius, the acceleration and de-acceleration
in the electron bunch. The acceleration and de-acceleration process, at every
position, causes a leakage of electrons from the chosen bunch to the other
energy ranges. In addition, part of the accelerated and de-accelerated electrons
in the oﬀ-energy ranges enter the studied energy range. This overlap with
diﬀerent energy ranges within the electron beam aﬀects on the mutual electric
ﬁeld of the electron bunch.
The exponential electron distribution is supposed to be aﬀected by the same
current map of the studied energy window, as an overestimate for this over-
lapping problem. Therefore, the evolution of the mutual electric ﬁeld from
the electron bunch with the radial dimension r along the z axis, for the
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varying electron energies, could be found. Where the chosen proton bunch
(9.5 − 10.5 MeV ), at a given position, is aﬀected by the electrons located
within the same phase interval. The change in the electric ﬁeld from the pro-
ton and electron bunches, at two diﬀerent positions in the solenoid ﬁeld region,
can be observed in ﬁgure A.11. A slight decreasing in the radial electric ﬁeld
from the protons due to the enlargement of the electron beam radius which is
caused by the electron repulsion.
Figure A.11: The radial electric ﬁeld with horizontal axis x, after ﬁrst tracking
of electron beam under the inﬂuence of self and radial mutual ﬁelds, at 10 mm
and 70 mm from proton (left) and electron (right) bunches.
Figure A.12: The current map of proton beam along the solenoid ﬁeld region
without (left) and with (right) electron beam eﬀects (both ﬁgures have the
same scale).
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Furthermore, the increasing of the electron beam radius, caused by the electron
self ﬁeld and mutual ﬁeld, decreases the protons’ eﬀective charge. This leads
to a little bit decreasing in the protons’ net current as shown in ﬁgure A.12.
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